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ABSTRACT 
1; Addition of the plant lectin concanavalin A to r a t thymus lympho-
cytes stimulates (by 2 fold) the uptake of [U- 14C]-glucose over 3 hrs and 
causes a concomitant increase in the incorporation of glucose carbon into 
protein, lipids and RNA. A large percentage of the extra glucose taken 
up is converted, under aerobic conditions, into lactate; concanavalin A 
also causes a specific increase in pyruvate oxidation, leading to an 
increase in the percentage contribution made by glucose to the respiratory 
fuel. 
2 . Acetoacetate oxidation, which is not affected by concanavalin A, 
strongly suppresses the oxidation of pyruvate formed in the presence of 
glucose, but does not prevent the concanavalin A-induced stimulation of 
this process. Thus, whilst the addition of acetoacetate does not affect 
the uptake of glucose, it strongly increases the conversion of glucose into 
lactate. Alterations in glucose uptake and pyruvate oxidation appear to 
be the major metabolic consequences of lectirt stimulation . 
3. When isolated rat lymphoid tissue (spleen and thymus) mitochondria 
are incubated at Ca 2 + concentrations in the nano~olar range, this causes 
a specific stimulation of the oxidation of pyruvate (and 2-oxoglutrate). 
This observation is consistent with the stimvlation of pyruvate oxidation 
observed in lymphocytes treated with concanavalin A or the calcium 
ionophore A23187, which both enhance cytosolic Ca 2 + levels . 
4. Higher concentrations of free Ca 2 + (>SOnM) inhibit the oxidation 
of NAO-linked substrates by lymphoid tissue mitochondria without affecting 
the oxidation of succinate or ascorbate-T~WD. 
5. Addition of free Mg 2 + (lSOµM) stimulates markedly the state-4 
respiration rate of spleen mitochondria anti abolishes both the respiratory 
control and ADP/0 ratios; this effect is reversible on addition of excess 
EDTA. Thymus mitochondrial oxidation, which is relatively unaffected at 
iii 
2+ this low concentration of free Mg , does change to some extent at higher 
concentrations ( >3mM) . 
6. With [y 32P]-ATP as substrat e , a Mg 2+-stimulated ATPase has been 
identified in the atractyloside-insensitive and EDTA-accessible space 
of intact spleen mitochondria. Oligomycin has no effect on the activity 
of this enzyr11e at a concentration (2µg/mg of protein) that completely 
inhibits the atractyloside-sensitive reaction (i.e., ATP-synthase 
activity). 
7. On digitonin fractionation, the atractyloside- and oligomycin-
insensitive, Mg 2+-stimulated ATPase co-purifies with the outer membrane 
sub-fraction of spleen mitochondria, whereas the atractyloside-sensitive 
activity co-purifies with the inner membrane plus matrix sub-fraction. 
Preliminary studies sugges t that the outer membrane ATPase is present in 
mitochondria from rat kidney-cortex and heart as well as from spleen, but 
is absent from rat liver, brain, lung , diaphragm and skeletal muscle. 
Thymus mitochondria possess a lower activity than that of spleen. 
8. The outer membrane ATPase, which is stable on storage in liquid 
N2, is inactive unless Mg 2+ is added (K for MgATP = SOµM). The substrate m 
for this enzyme is a bivalent metal ion-nucleoside triphosphate complex 
in which Mg2+ (K = SOµM) . 2+ (K = 6 . 7µM) can be replaced effectively by Ca 
m m 
or M 2+ n ' and ATP by ITP. Other bivalent cations (e.g.' C 2+ 0 ' Ba 2+ ' 
Zn2+ 
' 
N" 2+ 
l ' etc.) support very little ATP hydrolysis. 
9. The Mg 2+-dependent ATPase activity is enhanced (<10%) by low cone-
+ + + + + 
entrations (SOmM) of univalent cations (e.g., Na , K, Rb ' Cs , ~1H4 , etc.) 
which are inhibitory (20-30%) at higher concentrations (SOOrru~). The 
activity is inhibited significantly by Cu 2+ (Ki= 90µM), Ni 2+ (Ki= SlOµM) 
2+ 2+ 2+ 2+ 2+ 
and Co (K. = 1020µM), but not by Mg , Ca , Ba or Sr . 
l 
The activity 
is insensitive to the inhibitors oligomycin, N,N '-dicyclohexylcarbodiimide, 
NaN 3, ou abain and thiol- specific reagents . A large variety of metabolic 
intermedi a t es also have no significant inhibitory effects. A significant 
iv 
inhibition is observed at higher concentrations of AgN03 (O . SmM) and 
NaF (lOmM). The activity is inhibited competitively by the product 
MgADP (K. = 0.7mM) but not by the second product P. or by S'-AMP. 
i i 
h P d It 5 2+ . . 10. T e AT -supporte transport of Ca and the Ca -induced swelling 
of mitochondria from spleen, but not from liver, are sensitive to inhibition 
by Cu 2 + (40µM). This inhibition is relieved progressively at increased 
concentrations of Mg 2 + (0-lSmM) . Furthermore, Mg 2 + causes a marked 
stimulation of 45 Ca transport in the absence of added Cu 2 +; this stimulation 
is abolished completely upon the removal of the outer membranes of spleen 
mitochondria,which diminishes the rate of Ca 2 + uptake by the mitoplasts. 
. 2 + 2+ In contrast, when succinate is used in lieu of ATP, neither Mg nor Cu 
influence the transport of Ca 2 + by spleen mitochondria significantly. 
11. Isolated outer membranes from spleen mitochondria, which form 
. 2+ tightly-sealed vesicles, are capable of transporting Ca in an energy-
dependent manner - preferably in the presence of an ATP-regenerating 
2+ 
system and Mg . Succinate, 3-hydroxybutyrate, Mg 2 + and P. do not support 
i 
Ca 2 + b h . transport y t ese vesicles . 
12. The translocation of adenine nucleotides by spleen mitochondria 
is inhibited strongly by Ca 2 + and to a lesser extent by Mg 2 +. The 
modulatory responses of these bivalent cations are not altered upon the 
removal of the outer membranes. 
13. The results are discussed in relation to a proposed functional 
role of the outer membrane ATPase in spleen mitochondrial transport with 
particular emphasis on the regulation of Ca2 + homeostasis during lymphocyte 
transformation. 
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The work described in this thesis is concerned with the following 
aspects of the structure and function of mitochondria isolated from rat 
spleen and thymus: 
(a) the activation of pyruvate oxidation by Ca 2 +; 
(b) the submitochondrial location and kinetic properties of an 
oli,gomycin-insensitive ATPase from spleen that is stimulated 
by bivalent metal ions; and 
(c) aspects of Ca 2 +-transport by intact mitochondria and by 
mitochondrial outer membranes that relate to the regulation 
. 2+ 
of the steady-state level of cytoplasmic Ca . 
To provide an adequate background to these studies, the introductory 
section contains information about the structure and function of mitochondria 
and a consideration of the properties of the ATPases located in the inner 
mitochondrial membrane, the plasma membrane and the membrane of the 
sarcoplasmic reticulum. As well, information about the control of cellular 
Ca 2 + and its possible role in cell activation- is discussed . 
1.2 STRUCTURE OF MITOCHONDRIA 
1 . 2 . 1 Introduction 
The name "mi tochondrion" is derived from the Greek "mi tos" meaning 
a thread, and "chondros ", a grain. th In the mid to late 19 century, 
cytologists observed granular elements and filamentous structures in the 
cytoplasm of many different types of cells. In 1946, Claude attempted to 
isolate and separate "large granules" (mitochondria) and "small granules" 
(microsomes) from liver homogenates l?Y differential centrifugation. The 
"large granule" fraction contained mitochondria that were damaged and 
2 
contaminated with impurities . In 1948 Hog~boom, Hotchkiss and Schn~ider , 
by dispersing rat liver in hypertonic sucrose medium (0.88M) , succeeded 
in isolating mitochondria that were intact and relatively uncontaminated 
with material from other cell fractions. Based on this method, Kennedy 
and Lehninger (1949) demonstrated that the degree of intactness of the 
mitochondria was related to the osmolarity of the isolation medium. Only 
the mitochondrial fraction isolated in iso-osmotic sucrose medium (0.25M), 
and not the nuclear or the soluble fraction, was capable of oxidi zing 
tricarboxylic acid cycle intermediates . In 1951, Green and his co-workers 
confirmed this finding with the isolation of a "cyclophorase" preparation 
from kidney and liver homogenates that, with hindsight, appears to have 
been a mitochondrial fraction . Methods are now available for isolating 
mitochondria from most types of eucaryotic cells including tumour cells 
(Wu and Sauer, 1967; Thorre and Bygrave, 1974), insect flight muscle 
(van Den Berg, 1967; Wohlrab, 1975; Bygrave et al . , 1975), plant tissue 
(Bonner, 1967; Day and Wiskich, 1975) and micro-organisms (Mattoon and 
Balcavage, 1967) . 
1.2 . 2 Organi zation of the membranes of mitochondria 
The principal structural elements of mitochondria consist of a 
smooth outer membrane and an involuted inner membrane. The inner membrane 
is a closed sac, surrounded by the outer membrane, so that the whole 
structure can be pictured as a sac within a sac. The inner membrane is 
folded and involuted into structures known as cristae mitochondrioles 
(Palade, 1952) which greatly increase its surface area and provide hi gher 
local concentrations of the enzymes responsible for electron transport 
and oxidative phosphorylation. 
The other mitochondrial components are the matrix space (the inner 
compartment) which is bounded by the inner membrane, and the periplasmic 
(j ntermembrane) space which is situated between the two membranes. The 
matrix and its boundary membrane constitute the "mitochondrion" in a 
functional sense, as this compartment is a closed system containing the 
enzymic components responsible for substrate oxidation, respiration and 
energy conservation. 
1.2.3. Size, shape, area and number of mitochondria in the cell 
3 
In the cells of liver and kidney, mitochondria are elongated 
structures about 3µ long and 0.5 to 1.0µ in diameter. In other cell types 
(e.g., pancreas) the mitochondria may be extremely elongated rods or 
filaments with a length of up to 10µ. The surface area of the outer 
membrane of a typical liver mitochondrion is approximately 13µ 2 or about 
one third of the surface area of the inner membrane. It is estimated that 
the total surface area of the two mitochondrial membranes in a typical 
liver cell is more than ten times that of the plasma membrane (Munn, 1976). 
Rat hepatocytes have been reported to contain 500-2000 mitochondria 
per cell, whilst ren~l tubule cells - with a somewhat higher respiratory 
capacity - contain only 300. Lymphoid tissues, which are dependent on a 
high rate of glycolysis for their energy supply (Suter and Weidemann, 
1975; 1976), contain only 20-50 mitochondria per typical small lymphocyte 
(Munn, 1976). Some giant amoebae contain over half a million mitochondria 
per cell. 
1.2.4 Intracellular location of mitochondria 
The location and orientation of mitochondria within the cell varies 
with· the cell type. In pancreatic acinar cells, for instance, the mitochondria 
are oriented concentrically, presumably to assist secretory process. 
Mitochondria associated intimately with the rough-surfaced endoplasmic 
reticulum in other cells may provide ATP for amino acid activation and 
protein synthesis by the ribosomes. In skeletal muscle, the mitochondria 
are arranged so that they are in close physical contact with the contractile 
1 
l 
Figure 1.1 Conformational states of mitochondria 
(from Ernster and Kuylenstierna, 1968) 
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elements of the myofibrils (Novikoff, 1961) .. In many cell types the mito-
chondria appear to be located near an abundant supply of substrate (e.g., 
lipid dropiets). They are often seen attached to the perinuclear membrane, 
but the functional significance of this location is not clear. 
1. 3 CHARACTERISTICS OF HTOCHONDRIAL MEMBRANES 
1.3.1 Development of experimental methods for separating 
the two mitochondrial membranes 
Morphological observations on isolated mitochondria exposed to 
osmotic stress have yielded precise information about the structural 
relationship between the two mitochondrial membranes . Four structural 
states have been described for mitochondria by Hackenbrock (1966) and 
these are represented schematically in Figure 1 . 1 . Only the "orthodox" 
and "condensed" states, which are reversible, can be induced by altering 
the metabolic ~;teady-state. These two conformations are induced primarily 
as a result of alterations to the inner membrane which, by shrinking, is 
able to bring about a reduction in the volume of the matrix . The outer 
membrane does not undergo any discernible simultaneous change. This 
phenomenon has been described as "low-amplitude" swelling by Chance and 
Packer (1958) . The more extreme "swollen" and "contracted" states, which 
have been call~d "large-amplitude" structural changes, are not related 
directly to the prevailing metabolic steady-state. For instance, exposure 
of liver mitochondria to a hypotonic medium containing permeable cations 
and anions (e .g., K+ Ca2 + P.) (Chappell, 1968) or to a medium containing 
' ' l 
short-chain fatty acids and thyroxine (Lehninger, 1962) leads to swelling 
which may be reversed by the subsequent exposure of swollen mitochondria 
either to hypertonic medium or a variety of other agents (e.g., ATP, Mg 2 + 
or bovine serum albumin) . During controlled swelling the inner membrane 
is largely unfolded into a reversible conformation that can be restored 
Table 1.1 
Cholesterol, phospholipid and protein contents of mitochondrial membranes from liver and heart 
CONTENTS 
Phospholipids 
(mg/mg protein) 
Cholesterol 
(µg/mg protein) 
Protein 
(percentage) 
PIG LIVER MITOCHONDRIA 
(Parsons & Yano, 1967) 
I 
Outer Inner 
Whole Membrane Membrane 
0.159 0.878 0.301 
2.28 30.1 5.06 
100 4.5 76.0 
PIG HEART MITOCHONDRIA 
(Comte et al ., 1976) 
Outer Inner 
Whole Membrane Membrane 
0.242 0.614 0.372 
4.35 9.4 1. 7 
100 6.4 60.4 
°' 
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to its normal state by contraction. During_ this process the outer membrane 
is often so distended that it becomes detached from the inner membrane 
(Parson, 1965; Munn and Blair, 1967). These properti es have been important 
for the design of methods for separating the two membranes. 
A method for separating the "outer" and "inner" membranes was 
described first by Parson and his co-workers (Parson and Williams, 1967). 
Only the outer r.lembrane ruptures on swelling in hypotonic P. -buffer 
l 
(Wlodawer et al ., 1966) while the inner membrane unfolds without breaking. 
The two membrane fractions can then be purified further by differential 
centrifugation through a suitable gradient (e.g., sucrose). Schnaitman 
et al . (1967) have used distilled water instead of P. -buffer as a hypotonic 
l 
medium to swell mitochondria. The "ghost" mitochondria obtained by this 
method, containing mostly inner membranes (Caplan and Greenawalt, 1966), 
were separated from the fragmented outer membranes by differential centrif-
ugation through a sucrose gradient. 
All of these early methods yielded sub-fractions that were impure 
due to inadequate separation. Sottocasa et al. (1967a) developed a 
modified method in which mitochondria swollen in P.-buffer were treated 
l 
with hypertonic sucrose medium containing ATP and Mg 2 + to contract the 
inner membranes selectively and to facilitate the detachment of the broken 
outer membranes (Sottocasa et aZ., 1967b). The sample was then subjected 
to controlled sonic oscillations to cause maximum rupture of the outer 
membrane; this gave, after differential centrifugation, a high yield of 
relatively pure membrane particles (Sottocasa et al ., 1967c; Hayashi and 
Capaldi, 1972). Levy et al,. (1967) introduced a new technique, later 
modified by Schnaitman and Greenawalt (1968), based on the observation 
that digitonin at low concentration can specifically esterify the 
cholesterol-rich outer membrane (see .Table 1.1) and detach it from the 
rest of the mitochondrion (Levy and Sauner, 1967; Schnaitman et al., 
Table 1.2 
Methods for the separation of the outer and inner mitochondrial membranes 
(from Racker, 1970) 
Abbreviations: OM - outer membrane; IS - inter-membrane space; IM - inner membrane; 
Supnt - supernatant; cone - concentration; M - Matrix; diff - differential; dens. gr. - density gradient; 
centr - centrifugation 
I 
REFERENCE 
Parsons et al . 
( 1966; 196 7) 
So t tocasa et al. 
(1967 a , b, c) 
Schnaitman et al. 
(1967) 
TISSUE 
Rat Liver & Guinea 
Pig liver 
Rat liver 
Rat liver 
RATIONALE 
Rupture of OM by 
swelling 
Rupture & detachment 
of OM by swelling & 
contraction followed 
by mechanical frag-
mentation of OM 
Rupture of OM by 
swelling. Binding of 
OM-cholesterol by 
di gitonin 
TREATMENT 
Hypotonic P. 
1 
Hypotonic P., foll-
owed by hyp~rtonic 
sucrose+ ATP+ 
Mg 2 + & sonication 
Distilled water. Low 
cone of digitonin 
MEANS OF 
SEPARATION 
Diff. and dens. 
gr. centr 
Dens. gr. centr 
Diff gr centr. 
Diff centr 
00 
REFERENCE TISSUE 
Levy et al. (1967) Rat liver 
Green et aZ. (1966) Beef heart 
Allman et at. (1966) Rat liver 
Table 1 . 2 (contd) 
RATIONALE 
Binding of OM-
cholesterol by 
digitonin, foll-
owed by mechan-
ical fragmentation 
Separation of part-
iculate subfractions 
with and without 
respiratory chain 
enzyme components 
Detachment of OM by 
swelling and contr-
action 
TREATMENT 
Low cone of digit-
onin, sonication 
Sonication in the 
presence of cholate 
Oleate followed by 
ATP+ Mg 2 + 
serum albumin 
MEANS OF 
SEPARATION 
Diff and dens. 
gr. centr 
Diff centr 
Diff centr 
\0 
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1967). The modified technique gave a well~preserved, non-leaky inner 
membrane plus matrix ("mitoplast") fraction after differential centrif-
ugation that exhibited good respiratory control. 
Thus, the separation of the inner and outer membranes of most 
mammalian mitochondria is a relatively easy process, employing either 
high-amplitude swelling in the presence of P., or digitonin fractionation. 
1 
With mitochondria from certain tissues, such as heart, the problem is 
more difficult, because the outer membranes have a very small surface 
area compared with the number of cristae. Furthermore, the cholesterol 
content of pig heart membranes (Table 1.1) appears to be low compared 
with that of liver mitochondria (Graham and Green, 1970; Colbeau et al., 
1971). This difference makes it difficult to use digitonin fraction-
ation to isolate the outer membranes effectively (Scholte et al ., 1973; 
Comte et al. , 1976). Several attempts have been made to separate the 
two mitochondrial membranes from beef (Green et al ., 1966; Hayashi and 
Capaldi, 1972) and guinea-pig heart (Jacobus and Lehninger, 1973; Scholte 
et al ., 1973). Comte et al . (1976) have described a satisfactory method, 
based on the principle of controlled osmotic swelling and membrane dis-
ruption, for isolating relatively pure outer membranes from pig heart 
mitochondria. 
Among various methods that are summarised in Table 1.2, digitonin-
fractionation (Schnaitman et al ., 1967) is still considered to be the 
method of choice in most cases . as studies from several laboratories 
on the distribution of intra-mitochondrial enzymes and metabolites have 
shown remarkable agreement where this method has been used. 
1.3.2 _!'hysical characteristics of the inner and 
outer membranes of mitochondria 
11 
The different buoyant densities of outer (1.13) and inner (1.21) 
membranes of liver mitochondria (Parsons et al., 1966), can be correlated 
with their relative content of phospholipid and protein (Table 1.1). The 
inner membrane, which is 50-70 A in thickness, has regularly-shaped, 
0 
mushroom-like projections of 75-80 A in diameter attached to its inner 
surface (Fernandez-Moran, 1962). Each of these projections has ATP-synthase 
activity and an electron transport system associated with it. Parson 
(1965) has identified projecting subunits on the outer membranes of liver 
mitochondria also, but they differ from those of the inner membrane in 
0 
size (60 A), shape (hollow cylindrical) and regularity. However, the 
enzyrnic composition or the functional significance of these projections 
is not known. 
As noted previously, the osmotic behaviour of the two membranes is 
remarkably different: only the inner membrane unfolds or refolds in response 
to osmotic changes, whereas the outer membrane becomes distended and often 
ruptures . This difference in placticity would tend to suggest that contractile 
proteins (Ohnishi and Ohnishi, 1962) might be associated with the inner 
but not the outer membranes. 
Studies on mitochondrial permeability have shown that the inner 
membrane is impermeable to most substances unless specific carriers are 
available for them or unless the molecules in question are neutral and of 
molecular weight smaller than 150 daltons (Klingenberg, 1972). On the 
other hand, the outer membrane of liver mit"ochondria appears to be permeable 
to a wide range of substances, irrespective of charge, of molecular weight 
up to about 10,000 daltons. The outer membranes of mitochondria from non-
hepatic tissues may have quite different permeability properties to those 
of liver (Gmaj et al., 1974) and this possibility will be discussed in later 
chapters. 
ENZYMES 
Monoamine oxidase 
Kynurenine hydroxylase 
Rotenone-insensitive NADH2 -cyt bs 
oxidoreductase 
Xylitol dehydrogenase (NAD-
specific) 
Acetyl-CoA carnitine 0-acyl-
transferase 
Acyl-CoA L-Glycerol -3-phosphate 
0-acyl transferase 
Acyl-CoA lysolecithin 0-acyl-
transferase 
Acyl-CoA lysophosphatidic acid 
0-acyl transferase 
Acyl-Cc. A ligase 
Table 1.3 
Location of enzymes in the outer membranes of mitochondria* 
TISSUE STUDIED 
Rat liver, Guinea-pig heart, 
beef heart 
Rat liver, Neurospora 
Rat liver, beef heart 
Rat liver 
Rat liver 
Rat liver 
Rat liver 
Rat, calf and human liver 
Rat liver 
REFERENCES 
Sottocasa et al. (1967a); Schnaitman 
et al . (1967); Maisterrena et al. 1974); 
Comte et al . (1976). 
Cassady & Wagner (1971); Day & Wiskich 
(1975). 
Sottocasa et al. (1967a); Douce et al . 
(19 68); Comte et al . (1976) 
Arsenis et al . (1968) 
Higgins & Barrnett (1970) 
Stoffel & Scheifer (1968) 
" " " " 
" " " " 
Farstad et al . (1967); Pande & Meade (1968) 
.... 
N 
ENZYMES 
L-a-phosphatidate phosphohydrol-
ase 
Phospholipase A11 
Choline phosphotransferase 
Fatty acid elongation system 
ATP: D-hexokinase-6 phospho-
transferase 
Bicarbonate-stimulated ATPase 
2+ 2+ , Ca - and Mg - stimulated ATPase 
Table 1.3 (contd) 
TISSUE STUDIED 
Rat liver 
Rat liver 
Rat liver 
Rat & ox liver 
Guinea-pig: brain, liver & 
intestine 
and numerous other sources 
Rat liver 
Rat kidney - cortex 
REFERENCES 
Stoffel & Scheifer (1968); Sedgwick & 
Hubscher (1965) 
Vignais et aZ. (1966) 
Stoffel & Scheifer (1968) 
Colli et ai. (1968) 
Kropp & Wilson (1970); Mayar & Hubscher 
(1971); · Rowsell et aZ. (1972) 
Grisolia & Mendelsen (1974) 
Gmaj et ai. (1974) 
*Data compiled from: (1) Munn (1976) and 
(2) Racker (1970) 
I-' 
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1.4 ENZY~~S AND STRUCTURAL C01PONENTS OF THE 
MEMBRANES OF MITOCHONDRIA 
1.4.1 The mitochondrial outer membrane 
14 
The outer membrane has not been as well characterised as the inner 
membrane of mammalian mitochondria. The mitochondrial outer membrane 
from beef heart contains 40 percent by weight phospholipid and 60 percent 
protein (Smoly et al., 1971; Hayashi and Capaldi, 1972). The sialic acid 
content is far higher than that of the inner membrane and most of it is 
associated with glycolipid (Hayashi and Capaldi, 1972; Melnick et al ., 
1973). A glycoprotein with a molecular weight of 93,000 daltons has been 
identified in the outer membrane of rat liver mitochondria (Melnick et al ., 
1973). The outer membranes of most mammalian mitochondria , when solubilized 
in sodium dodecyl sulphate (S.D.S.), contain about 12-14 different poly-
peptides that can be separated by polyacrylamide gel electrophoresis 
(Schnaitman, 1969; Smoly et al ., 1971; Hayashi and Capaldi, 1972; Melnick 
et al., 1973; Comte et_al ., 1976). The molecular weights of these proteins 
have been estimated to be in the range of 12,000-220,000 daltons (Capaldi, 
1977) . 
Three different enzyme activities have be.en identified positively as 
associated with the outer membrane fraction. Two of them, kynurenine 
hydroxylase and rotenone-insensitive NADH-cytochrome reductase, have not 
been studied in detail. In contrast, monoamine oxidase is well characterized. 
Table 1.3 lists these enzymes and others for which an outer membrane local-
ization has been suggested in a variety of mammalian tissues. 
1.4.2 The mitochondrial inner membrane 
The comoosition of the mitochondrial inner membrane is better 
defined than that of all other mammalian membranes. It differs markedly 
from the mitochondrial outer membranes in having a high content of 
cardiolipin and a low level of cholesterol (see Table 1.1). Whilst a 
Table 1.4 
Enzyme components of inner membrane of mitochondria 
ENZYMES 
Complex I - (2 major and 5 minor polypeptides) NADH-
coenzyme Q reductase (NADH dehydrogenase 
with its five different non-haem iron 
centres in the complex; NADPH dehydrogen-
ase) 
I 
Complex II - (3 major and 4 minor polypeptides) Succinic -
coenzyme Q reductase (succinate dehydrogen-
ase with its flavin and non-haem iron 
protein: cyt-b and another non-haem iron 
protein) 
Complex III - Reduced coenzyme Q - cytochrome c reductase 
(cyt-c; cyt-b: two molecules bk & bt; a 
non-haem iron protein) 
Complex IV - Cytochrome c oxidase (7 different proteins 
and 2 haems and 2 copper moieties associated 
with one or more polypeptides) 
Complex V - ATP-synthase or ATPase 
REFERENCES 
Ohnishi et al . (1972); Orme -Johnson et al. (1971); 
Baugh & King (1972); Hatefi (1973) . 
Davies & Hatefi (1971); Righetti & Cerletti (1971); 
Davies et al . (1972); Baginsky & Hate f i (1968) . 
Rieske et al. (1964); Yu et al. (1972); Chance 
et al . (1970); Davies et al. (1972); Albrecht & 
Slater . (1971) . 
Capaldi & Hayashi (1972); Kubayoma et al. (1972); 
Wainio et al. (1973); Kamai & Kapaldi (1973) . 
See text 
~ 
tn 
Electron transfer components 
cytochrome c 
L-a Glycerophosphate oxidase 
3-hydroxybutyrate dehydrogenase 
Choline dehydrogenase 
Coenzyme Q 
Transport components (carrier proteins) 
Adenine nucleotide transporter 
Ca 2 + transporter 
Na+. K+ and Mg 2 + ionophore 
P. transporter 
l 
Table 1.4 (contd) 
Dickerson et al. (1971); Smith et al. (1973) 
Ringler & Singer (195~; Ringler (1961) 
Hexter & Goldman (1973); Menzel & Hammes (1973) 
Singer (1963) 
Morton et al . (1961) 
Weidemann et al. (1970) 
Lehninger (1973); Carofoli (1973) 
Blondin (1974) 
McGivan & Klingenberg (1971) 
Succinate, Malate, P., gluta~ate., aspartate ... 
l transporter systems 
Quagliariello et al. (1969); Palmieri et al. (1971) 
Pyruvate and a -oxoglutarate 
Citrulline and ornithine 
Halestrap & Denton (1974); Halestrap (1975) 
Gramble & Lehninger (1973) 
Data on Complexes I to Vis taken from Capaldi (1977); and the 
other data is selected from the literature as indicated. 
.... 
0, 
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la.rge proportion of this lipid bilayer is undoubtedly "fluid" at physio-
logical temperatures (Capaldi and Green, 1972), a significant proportion is 
immobilised by association with proteins (like cytochrome oxidase) that 
are intrinsic inner membrane components (Jost et al., 1973). 
A large number of proteins in the inner membrane (with many diff-
erent enzymic activities) are associated with haem, flavin, copper and non-
haem iron moieties (see Table 1.4). The majority of the protein component~ 
of the inner membrane are associated into five complexes: four electron-
transfer complexes (complexes I - IV; see Table 1.4) and an ATP hydrolysing 
and synthesizing complex (Capaldi, 1977). Apart from the enzymes that 
are listed in Table 1.4, the inner membrane contains a number of other 
activities such as steroid 11-B-hydroxylase (Sweat, 1951; Yago and Ichii, 
1969) pyrophosphate phosphohydrolase (Nordlie and Lardy, 1961; Schick 
and Butler, 1969) and protohaem-ferrolyase (Jones and Jones, 1968). 
The electron transfer complexes, the ATP-synthase and the ion 
translocating componen!s (see Table 1.4) are all functionally integrated. 
During electron transfer, NADH at complex I or succinate at complex II 
is oxidized; the electrons separated as a result of these oxidation 
reactions are transferred through complex III to complex IV, where they 
combine with protons and molecular oxygen. The sequence of events is 
sununarized below: 
I Complex I I 
i 
Pyruvate, citrate, 
3-hydroxybutyrate 
Succinate, L-a-Glycerophosphate 
l 
Complex II 
l 
Coenzyme Q 
1 
Complex III ---~ Cytochrome C 
l 
Complex IV 
2H20 
ENZYME 
Adenylate kinase 
Creatine phosphokinase 
Nucleotide diphosphokinase 
Nucleoside monophosphokinase 
Xylitol dehydrogenase (NAD -
specific) 
Palmityl -CoA: carnitine 
palmityl transferase 
Sarcosine: 02 oxidoreductase 
Table 1.5 
Enzymes of mitochondrial intermembrane space 
(from Racker, 1970; and Munn, 1976) 
SOURCE 
Rat liver, kidney-cprtex 
Rat brain, rat heart, guinea-
pig brain 
Rat liver, rat kidney-cortex 
Rat liver 
Rat liver 
Rat, calf and human liver 
Rat liver 
REFERENCE 
Sottocasa et al . (1967a); Schnaitman and 
Pedersen (1968) 
Jacobs et al . (1964); Jacobus and Lehninger 
(1973) 
Lima et al . (1968); Schnai tman and 
Greenawalt (1968) 
Lima et al. (1968) 
Arsenis et al . (1968) 
Yates & Garland (1966) 
Hoskins & Mackenzie (1961) 
'""' co 
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Energy is generated by electron transfer through comp lexes I, III and 
IV. This energy can be utilized by the ATP-synthase complex for ATP 
synthesis or it can be used by ion-translocating components. The system 
can also work in the reverse direction, resulting in the ATP-synthase 
catalyzed hydrolysis of ATP. The energy released can be used to reverse 
electron transport (Lee and Ernster, 1966) or to drive ion-transport 
(Lehninger et al., 1967). 
1.4.3 ATP-synthase (ATPase) of the mitochondrial inner membrane 
Of the enzymes listed in Tables 1.4 and 1.5, special emphasis 
is given to the properties of the ATP-synthase of the mitochondrial 
inner membrane, as an ATP-hydrolysing enzyme from the outer membrane of 
(spleen) mitochondria that has some similar properties is described in 
this thesis. ATP synthesis and hydrolysis are the function of a single 
complex variously called the reversible ATPase (Racker, 1972), oligomycin-
sensitive ATPase (Tzagoloff et al., 1968) or CF F 1 (Kagawa and Racker, 
- . 0 0 
1966), but in this Chapter it is called "ATP-synthase" or ATPase. The 
ATPase activity of the mitochondrial inner membrane is of great interest 
to biochemists because of its dual role in energy-dependent ion transport 
and oxidative phosphorylation. The same enzyme has been found in almost 
all animal cell mitochondria as well as in chloroplasts and micro-organisms. 
Because of the functional homologies shared by these enzymes of different 
origin, especially in the catalysis of the terminal reactions of oxidative 
phosphorylation, many workers have focussed attention on their common 
catalytic and structural properties. The mitochondrial ATPase bears 
a striking resemblance to the chloroplast and bacterial enzymes, espec-
ially with respect to its molecular weight, amino acid composition 
(Schnebli and Abrams, 1970), appearance under the electron microscope 
(Kagawa and Racker, 1966) and sensitivity to inhibitors such as 
oligomycin and DCCD (Catterall and Pedersen, 1971). 
Table 1. 6 
Molecul ar structure of ATPase or "ATP- synthase 11 
[from Sone et al . (1975) ; and 
Kagawa et a l. (19 76) ] 
Molecular structure of F1 
SUBUNITS 
Number Molecular Weight Ratios 
1 (a) 56,000 3 
2 CB) 53,000 3 
3 (y) 32,000 1 
s ( cS) 15,500 1 
7 ( cS 1) 11,000 1 
Molecular structure of F 
SUBUNITS 
Number Molecular Weight Ratios 
4 (yl) 19,000 1 
6 ( E:) 13,500 2 
8 ( E: 1) 5,400 s 
20 
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1.4.3.1 Components of the ATPase 
In its intact form, the complete ATPase complex present in the 
mitochondrial inner membrane is believed to consist of four functional 
components: a head-piece - called F1 - which is capable of hydrolyzing 
ATP (Pullman et al., 1960); a membrane component which is capable of 
directing the flow of protons to F1 during oxidative phosphorylation 
(Mitchell, 1973, 1974; Kagawa et al., 1976; Okamoto et al., 1977); a 
basic peptide or "stalk" which binds F1 to the membrane component and 
confers oligomycin sensitivity on it (Beechey et al ., 1967; MacLennan 
and Tzagoloff, 1968); and an inhibitor peptide which prevents the hydrolysis 
of ATP during oxidative phosphorylation (Pullman and Monroy, 1963; 
Serrano et al., 1976). 
Although the complete oligomycin·-sensitive ATPase complex was 
not purified before the 1970's, an ATPase identified with coupling factor 
I (F1) of oxidative phosphorylation was purified earlier from beef heart 
mitochondria (Pullman et al., 1960; Penefsky et al ., 1960). Later, 
similar ATPases capable of oxidative phosphorylation, photophosphorylation 
and translocation of ions ·were isolated (Senior, 1973; Pedersen, 1975). 
These ATPases all have similar molecular weights · of 3.5 x 10 5 daltons 
(Kagawa and Racker, 1966; Senior, 1973; Pedersen, 1975) and can be resolved 
into five similar subunit polypeptides, three large (a,8 and y) and two 
small (o and E). The molecular structure of the subunits of F1 is given 
in Table 1.6 (Kagawa et al., 1976). F1 is not inhibited by inhibitors of 
energy-transfer (e.g., oligomycin) which inhibit the intact membrane-
bound ATPase. Kagawa and Racker (1966) identified a group of hydrophobic, 
intrinsic membrane-bound proteins called F which confer sensitivity to 
0 
various inhibitors on F1 • Subsequently, the individual components of 
F
0 
have been purified; its complete molecular structure (Kagawa et al., 
1976) is shown in Table 1.6. 
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Table 1.7 
Catalytic properties of mitochondrial ATPase 
(from Pedersen, 1975) 
PROPERTY 
Activity in the absence 
of metal ions 
Specificity of metal 
ions 
Specificity for NTPs 
(Nucleoside triphosphate) 
K for ATP 
m 
Activators (anions) 
Inhibitors: 
(i) ADP 
(ii) ATP-analogues 
(AMP-PNP) 
(iii) Inhibitors of 
oxidative 
phosphorylation 
GENERAL COMMENTS 
Low, but significant rates of ATP hydrolysis 
are reported 
2+ 2+ 2+ 2+ 2+ Mg , Co , Mn , Ca and Fe support hyd-
rolysis. The specificity of cations depends 
on both K+ and, ATP concentrations 
Membrane bond: ATP>ITP>GTP>UTP>CTP. For 
purified F1 : ATP, ITP and GTP hydrolytic 
rates are equal (almost). UTP and CTP are 
hydrolysed very slowly. 
Membrane-oound: K = 0.1 - 0.3rnM; For F1: 
m 
K = 0.75 - 1.25rnM. 
m 
Bicarbonate, Pi, bisulfate, borate, maleate, 
terephthalate, dichromate, etc.; 2-fold 
activation. 
Membrane-bound: 
K. values= 3µM to 4mM 
1 
F1: K. = 30µM to 300µM 
1 
The reason for apparent discrepancies is not 
known. 
competitive inhibition; ATPase but not ox.phos 
inhibition 
Membrane-bound: 
Oligomycin, DCCD, rutamycin, aurovertin-B, 
tri-n-butyl tin, venturicidin, quercetin, 
spegazzine, and ATPase antibody. 
F1: aurovertin, Azide, Quercetin, spegazzine, 
ATPase antibody. 
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Although purified preparations of oligomycin-insensitive ATPase 
have been useful in elucidati_ng the mol ecular s truc t ure of th e en zyme, 
experiments aimed at recons tituting and resolving the mechanism of 
oxidative phosphorylation have been quite limited owing to difficulties 
encountered in purifying the oligomycin- sens itive ATPase comp lex. Severa l 
preparations of oligomycin-sensitive ATPases from yeast (Tzagoloff and 
Meager, 1971; Ryrie, 1975), beef heart (Swanljung et al., 1973; Sadler 
et al., 1974) and thermophilic bacteria (Yashida et al., 1975) have been 
described, which have enabled the workers concerned to study the functional 
properties of each individual component in relation to that of the ATPase 
complex as a whole. Some important properties of the enzyme are swnmarized 
i n Table 1. 7. 
1.4.3.2 Functional properties 
According to the chemiosmotic hypothesis of oxidative phosphoryl-
ation, ATP can be synthesised from ADP and P. when the reaction is driv en 
l 
by a proton motive force applied across the inner mitochondrial membrane 
(Mitchell, 1966). It was suggested that F serves as a proton "conductor" 
0 
through the membrane, and that the energy transfer inhibitors (e.g., 
oligomycin) exert their effects by blocking proton conduction through 
F (Mitchell, 1966). In fact, crude F vesicles that were constructed 
0 0 
in the presence of F1 showed inhibitor-sensitive oxidative phosphorylation 
(Racker and Kandrach, 1973), proton translocation (Kagawa et al., 1973), 
and 32 P-ATP exchange (Kagawa and Racker, 1971). Moreover, passive proton 
translocation in F1 -depleted submitochondrial particles or vesicles 
that still contained crude F was shown to be inhibited by energy-transfer 
0 
inhibitors (Racker, 1972; Schipakin et al ., 1976). However, such F 0 
preparations contained considerable impurities, including el ectron t r ans-
port chain components (Kagawa and Racker, 1971; Ragan and Racker, 1973), 
and were not stable enough for quantitative analysis of proton conduction 
through F under the desired conditions. 
0 
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More recently, a highly stable ATPase complex (T F F1 ) has been 0 
purified from the membranes of a thermophilic bacteria (Kagawa, 1976) 
and a stable F0 portion (TF0 ) obtained from it (Yashida et al., 1975; 
Sone et al., 1975) . Using reconstituted vesicles from TF and phospho-
o 
lipids, Kagawa and his co-workers were able to demonstrate conduction of 
protons across the membrane driven by a potential difference (created 
+ 
with a gradient of K ions by addition of valinomycin) (Okamoto et al., 
1977) . The 32 P-ATP exchange activity of the TF vesicles, which represents 
0 
the physiological activity of the proton-translocating ATPase complex, 
was demonstrated in the presence of TF 1 in the same study (Okamoto et al . , 
1977). This work provides biochemical evidence to support the proposal 
that the reaction catalyzed by the ATPase (F F1 ) is in reversible equil-o 
ibriwn with the "energised state" of the membrane (Racker, 1972); when 
this state is generated by an ion gradient or electron transport, ATP 
is synthesized; conversely , the hydrolysis of ATP can generate the 
"energised-state" and so drive active ion transport and reverse electron 
transport (Serrano et al., 1976) . 
1.5 ATPases OF THE SARCOPLAS1IC RETICULUM AND PLASMA MEMBRANE 
1.5.1 Introduction 
It is clear that the transport function of the mitochondrial inner 
·+ 
membrane is separable from the system that hydrolyses ATP , since Ca2 
transport, for example, can be supported by energy derived from electron 
t ( ) · C 2 + · d b h ransport Chance, 1965 . In contrast, wnen a is transporte y t e 
+ + 
sarcoplasmic reticulum or when Na and K are transported across the 
plasma membrane, it is conceivable that the ATPase and the ion-transport-
ing enzyme are one and the same protein (Skou, 1965), since transport 
depends exclusively on ATP hydrolysis. Many approaches have been made 
towards identification of enzymes, enzyme subunits and fragments of 
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enzymes which possess the capacity to tran~port ions across a lipid bilayer 
(Shamoo and MacLennan, 1974 ; Serrano et al . , 1976; Okamoto et al . , 1977) . 
The purified sarcoplasmic reticulum is an excellent syst em for studying 
the resolution and reconstitution of transport, as the membrane is spec-
ialised for one single transport function (Ca 2 +-transport) (MacLennan, 
1970; Makinose and Hasselbach, 197fj and there appears to be no other 
enzyme activity present apart from a powerful ATPase. Thus, consideration 
of such a system, with its ATPase activity, may provide guidelines for 
distinguishing and defining a functional role for the outer membrane-
bound ATPase of spleen mitochondria that is described in this thesis. 
1.5.2 ATPase of sarcoplasmic reticulum 
1.5.2 . 1 Components 
In contrast t o the mitochondrial ATP synthase, the sarcoplasmic 
reticulum ATPa~.e consists of only a single subunit with a molecular weight 
of 100,000 daltons (Hasselbach, 1964; Martonosi, 1968; MacLennan, 1970). 
Controlled tryptic cleavage of this enzyme gives two fragments with 
molecular weights of 55 , 000 and 45, 000 daltons (Migala et al ., 1973; 
Stewart et al. , 1976) . The site of ATP hydrolysis, cleaved from the 
10~000 dalton fragment, is localized in the 55,000 dalton fragment; 
55 , 000 
Ca 2 + + Mg 2 + ATPase (102,000) 
I ATPase & Ca 2 + -ionophore I / r Trypsin \ 
45,000 
ATPase & Ca 2 +-ionophore non-specific 
ionophore? 
Trypsi\ 
20, 000 
2+ . Ca -1onophore 
Taken from 
Shamoo & Goldstein 
(1977) 
PROPERTY 
Subunits involved 
Specificity of metal ions 
Specificity for NTPs 
(nucleoside triphosphates) 
Inhibitors 
Effect of Phospholipids 
Tab l e 1. 8 
Properties of sarcoplasmic reticulum ATPase 
GENERAL COMMENTS 
only one: 100,000 Daltons 
REFERENCES 
Hasselbach (1 964); MacLennan (1970); Martonosi 
0.971) 
requires Mg 2 + and fs stimulated MacLennan (1970~ Makinose & Hasselbach (1971) 
by ~a 2 +. ~a2 +, Cd 2 + cannot replace 
Ca 2 • Mg 2 can be replaced by 
Mn 2 + or Co 2 + but not by Sr 2 +, Zn 2 + 
etc. 
Order of specificity: 
ATP>GTP>ITP>UTP>CTP 
Specific for mersalyl 
(K. ~ O.SuM); EGTA. Caffeine, 
l 
atuba in, rutamycin, etc. have no 
effect 
MacLennan (1970); Barlogie et al. (1971) 
MacLennan (1970) 
Removal of phospholipids (e.g., Martonosi et al. (1968); Hasselbach (197+ ) 
chol ate extracti on)results in 
complete loss of activity; 
phospholipase-C digestionlnhibits ~~ SO% activity,A if supplemented with 
phospholipids. 
:-,.) 
Q\ 
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active site analysis shows that this fragment is normally located on the 
outer surface of the sarcoplasmic reticulum membrane (Stewart et al., 
1976) and contains a selective ionophoretic activity for Ca 2 + (Thorley-
Lawson and Green, 1973) . Further cleavage of th e 55,000 dalton fragment 
gives rise to a 30,000 and a 20,000 dalton fragment (Stewart et al. , 
1976); the Ca2 +-dependent ionophoretic activity is located in the 20,000 
dalton fragment and the ATP hydrolytic site in the 30,000 dalton fragment. 
These two sites, however, appear to be in close proximity in the native 
enzyme since both fragments originate from the 55,000 dalton fragment. 
It is suggested that the role of the 45 , 000 dalton fragment may be to 
form a large non-specific channel across the merr,brane (Shamoo and Goldstein , 
1977). 
1.5.2 . 2 Properties -and function 
Two ATP hydrolysing activities have been resolved in isolated 
sarcoplasmic reticulum membranes; a Ca 2 +-dependent and a Ca 2 +-independent 
ATPase (Hasselbach and Makinose, 196 1; 1963) . In the absence of Ca 2 + 
ions, ATP is hydrolysed slowly by an enzyme called "basic ATPase" that is 
moderately activated by Mg 2 + ions and hydrolyses only ATP and ITP (Hasselbach, 
1974). The activity js not inhibited by ADP and is insensitive to 
thiol-reagents. The Ca 2 +-dependent ATPase i.5 a highly active form of the 
+ 
same enzyme that is stimulated by Ca 2 at low concentration (0.l]JM) in 
the presence of Mg 2 +. It is capable of hydrolysing all nucleoside tri-
phosphates, carbamyl phosphate and p-nitrophenyl phosphate (Friedman 
and Makinose, 1970) . If the Ca 2 +-dependent enzyme is purified, it can be 
phosphorylated with ATP, whlch causes a commensurate increase in the ATPase 
activity (MacLennan, 1970) . It binds Ca 2 + at high and low affinity sites 
and has been implicated in Ca 2 + transport· across the sarcoplasmic reticulum 
membranes by virtue of which it is able to play a major role in sequestering 
cytoplasmic Ca 2 + ions in contracting muscle (Martonosi, 1971; MacLennan, 
i974; Katz et al., 1977). Some of the properties of th i s en zyme are 
summarised in Table 1.8. 
1.5.3 . 
1.5.3 . 1 
+ + Plasma membrane Na, K -ATPase 
Components of the en zyme 
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+ + The Na, K -ATPase of the pla sma membrane plays an i mpor t ant rol e 
+ + in the coupled transport of Na and K across animal ce ll membran e s (Skou, 
1965; Glynn, 1968). Although considerable information on the role of the 
+ + Na, K -ATPase has accumulated since its discovery by Skou (1957), it has not 
been compl etely purified, although partial purifications have been claimed 
(Jorgensen et al., 1971; Shamoo et al., 1974; Shamoo and Goldstein, 1977) . 
The most purified enzyme is resolved into two polypeptide s: the 
larger polypeptide has a molecular weight in the range of 85,000-135,000 
daltons (Hokin et al., 1973; Shamoo and Myers, 1974); whilst that of the 
smaller polypeptide is known to be between 40,000 and 50,000 daltons 
(Shamoo and Myers, 1974; Shamoo et al., 1974). 
1.5.3.2 Properties of the enzyme 
The activity of the en zyme is stimulated maximally by Na+ and K+ 
in the presence of Mg2 +, as Mg 2 +-ATP is its effective substrate (Skou, 
1965); it is inhibited specifically by ouabain (Glynn, 1968). The enzyme has 
+ 
two cation binding sites: one site has a high affinity for Na (4 to 6 
times that of K+) and the other a high affinity for K+ (60 to 100 times 
+ that of Na J. (Skou, 1960; Post et al., 1965; Skou and Hillberg, 1969; 
Shamoo and Brodsky, 1972; see also Shamoo and Goldstein, 1977). When the 
enzyme is membrane-bound, it is activated by Na+ from inside and by K+ 
from outside (Garrahan and Glynn, 1967). The number of cations bound to 
each site has not been estimated. However, it is known that for th e 
+ hydrolysis of one mole of ATP, 3 moles of Na are transported in the 
ATPase PREPARATION 
Mitochondrial 
Sarcoplasmic 
reticulum 
+ + Na, K -ATPase 
F1 
F 
0 
Table 1. 9 
Comparison of subunit composition of ATPases from different sources 
REFERENCES 
Kagawa et al. (1976) 
Sone et al. (1975) 
Shamoo et al. (1976) 
Shamoo et al. (1974) 
Shamoo & Goldstein 
(1977) 
NUMBER 
OF 
SUBUNITS 
5 
3 
1 
2 
MOLECULAR WEIGHTS 
56,000; 53,000; 32,000; 
15,500; 11,000 
19,000; 13,500; 5,400 
100,000 
94 , 000; 45,000 
IONOPHORE ACTIVITY 
+ F (H conductor) 
0 
20,000 tryptic fragment 
(Ca 2 + -ionophore) 
45,000 da lton 
(Na+-ionophore) 
N 
\D 
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outward direction and 2 moles of K+ transported inwardly (Glynn, 1968; 
Hilden et al., 1974), although these ratios vary in plasma membranes from 
different cellular sources. 
+ The Na -dependent ionophoretic activity has been localised in a 
45,000 dalton tryptic fragment of the enzyme and the ATP-hydrolysing 
activity in a 85,000 dalton fragment (Shamoo and Ryan, 1975). Since these 
two subunits are close to each other in the enzyme complex, it has been 
suggested that the enzyme utilizes energy provided by the hydrolysis of 
+ ATP to support its transport function (e.g., Na transport) (Shamoo and 
Myers, 1974; Shamoo and Goldstein, 1977). 
1.5.4 Conclusion 
Three different ATPases (from mitochondria, sarcoplasmic 
reticulum and plasma membrane) which share some properties at least 
in common, have been described in this section. If a careful analysis 
of the individual molecular components of these enzymes is made, as shown 
in Table 1 .9, it is apparent that they all possess a subunit that is 
involved in transport across the membrane in which they are present 
(e.g., transport of H\ Ca 2 + or Na+). Furthermor·e, the subunit which has 
the ionophoretic activity is always found in close association with the 
subunit that has ATP-hydrolysing activity. This can be seen cleariy in 
the case of the sarcoplasmic reticulum enzyme, which suggests that the 
energy of hydrolysis of ATP is utilised economically by the ionophore-
like subunit for driving ions across the membranes. Since a similar 
kind of ATPase is described in this thesis, an ion-translocating function 
can also be ascribed to it, and this property will be discussed in 
Chapter 5. 
1.6 CONTROL OF CELL Ca 2 + AND THE POSSIBLE 
INVOLVEMENT OF ATPases 
1.6.1 Introduction 
31 
The first part of the experimental work described in this thesis 
deals with the stimulation of pyruvate oxidation by Ca 2 + in rat lymphoid 
ti ssue mitochondria . Recent work in several laborat or ies has shown that 
cytoplasmic Ca 2 + is elevated passively and transiently during the trans-
formation of lymphocytes treated with the plant lectin concanavalin-A or 
the Ca 2 +-ionophore, A23187 (Freedman et al. ~ 1975; Hume and Weidemann, 
1978). To determine whether an increase in cytoplasmic Ca 2 + of this 
magnitude is sufficient to stimulate mitochondri a l functions (e .g ., 
pyruvate oxidation), the control of cellular Ca 2 + movements by various 
mechanisms is considered briefly in this section. A major emphasis is 
placed on the ATPases of the sub-cellular systems and their possible involve -
ment in the regulation of the Ca 2 + l evel in the cytoplasm of mammalian 
cells. 
1.6.2 Regu lation of ce11 · Ca 2 + at the plasma membrane level 
While it was first believed that the cytoplasmic Ca 2 + concentration 
2+ is regulated mainly by movements between intracellular Ca -pools, 
expecially as a result of sequestration by mitochondria (Bygrave, 1967) 
and by the sarcoplasmic reticulwn (Hasselbach, 1964; Ohnishi and Ebashi, 
1963), more recent observations have favoured additional control at the 
level of the plasma membrane (Dietze and Heppe, 1971; Sacktor, 1977). 
Baker et al . (1969), for instance, observed a coupling between Ca 2 + influx 
and Na+ efflux from the axons of Loligo forbesi . The enzyme that catalyzed 
this exchange reaction was found to be insensitive to ouabain and there-
. . + + fore clearly distinguishable from the ouabain-sens1t1ve Na, K -pump. 
+ + f Increased internal Na or decreased external Na promoted the entry o 
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+ Ca 2 + into cell s in exchange for internal a in the ratio of 1:4, while 
Ca2 + efflux was enhanced by elevated external Na+ or by decreased external 
Ca 2 + concentrations . It was suggested on the basis of these ob servations 
2 + + that, in an exchange between internal Ca and external Na , some of the 
energy for extruding Ca 2 + is provided by the do~~hill movement of + a . 
These findings are consistent with the view that, apart from exchange -
diffusion of Ca 2 + across the plasma membrane , there is a more direct 
coupling between Ca 2 + efflux and some component of Na+ influx (Blaustein and 
Hodgkin , 1969). This mechanism of Ca 2 + extrusion is different from the 
energy-dependent extrusion of Ca 2 + from red blood cells that is driven 
by a Ca 2 +-activated ATPase (Schartzmann, 1967). These findings suggest 
2+ + that a Ca - Na exchange mechanism could participate in maintaining 
the internal concentration of Ca 2 + at a iufficiently low level to maintain 
normal function without the direct intervention of metabolism or consump-
tion of ATP (Baker et al ., 1969; Blaustein and Hodgkin, 1969). 
A Ca 2 +-stimulated ATPase which is involved in the active transport 
of Ca 2 + has been identified in the sarcolemmal membrane of myocardium 
(Sulakhe and Dhalla, 1971; Dietze and Heppe, 1971), renal plasma membranes 
(Kinne-Saffran and Kinne, 1974) and intestinal ~rush borders (Moore et al ., 
1974). In the sarcolemmal membranes of myocardium it has been shown that 
the activity of the Ca 2 +-ATPase and Ca 2 + influx are stimulated simultaneously 
by c-AMP (Dietze and Heppe, 1972). Janke et al . (1970) have shown in the 
same system that hormones such as adrenalin, which enhance c-Af.1P production, 
also induce Ca 2 + influx. Together, these observations indicate that the 
Ca 2 +-stimulated ATPase of sarcolemmal membrane may catalyse active, hormone-
sensitive Ca 2 + transport across the plasma membrane. The possible involve-
ment of this enzyme in the regulation of cytoplasmic Ca 2 + levels in tissues 
such as heart and smooth muscle, which l ack an extensively developed sarco-
plasmic reticulum, is an attractive hypothesis. 
PROTEIN 
C 2+ ( . . ) a - ATPase maJor protein 
Low molecular weight proteol:ipid 
Calsequestrin 
Mol. wt 55,000 dalton protein 
Table 1 . 10 
Proteins of sarcoplasmic reticulum membranes 
PROPERTIES 
Refer to the text 
Associated closely with ATPase; 
water-insoluble; properties not 
known 
Highly acidic protein; binds large 
quantities of Ca 2 + (35 to 43 moles/ 
mole). 
High-afinity Ca 2 +-binding protein 
different from tryptic digestion 
product . of ATPase 
REFERENCES 
Stewart and MacLennan, (1974) 
Mac Lennan et al. (1972) 
MacLennan & Wong (1971); Oswald & 
MacLennan (1974); MacLennan (1974) 
MacLennan et aZ. (1972) 
(.,.l 
(.,.l 
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. f 2 + 1. 6. 3 Regulation o cell Ca by the s arcoplasmic reticulum 
The sarcopla smic reticulum membranes are specialis ed for the trans-
port and binding of Ca 2+ in skeletal mu scle and it is possible that the 
endoplasmic reticulum may play a similar role i n non-muscl e cells (Weber , 
1966; Eba shi et aZ. , 1969; Martonosi, 1971; MacLennan, 1970; Katz et aZ ., 
1977a). As the sarcoplasmic reticulum membrane is highly specia lised 
2+ f or Ca transport, it contains relative ly fewer proteins (MacLennan, 
1970; Martonosi and Halprin , 1971) and the major ones are listed in Table 
1.10. In addition, a group of acidic proteins, which bind a large amount 
of Ca 2+ with low affinity (Stewart and MacLennan , 1974), have been identified 
i n sarcoplasmic reticulum membranes (Oswald and MacLennan, 1974), 
a lthough their function has not been clearly defined . 
Sarcoplasmic reticulum vesicles have been shown to transport 
Ca 2+ f 2+ d ( b h d k . actively in the presence o Mg an ATP Hassel ac an Ma · inose, 
1961). When the ionised Ca 2+ concentration is in the micro-molar range 
in the external medium, the vesicles rapidly accumulate 100 nmols Ca 2+/mg 
of protein (Ebashi and Lipman 196 2; Weber et al . , 1966; Katz et aZ . , 1977b) . 
In the presence of Ca 2+-precipitating ions, such as oxalate and P., the l 
2+ 
vesicles take up and sequester an even larger amount of Ca (Hasselbach 
d Ca 
2+ 
an Makinose, 1963; Ogawa, 1970) . Thes e anions increase net transport 
by maintaining a low free Ca 2+ concentration inside the vesicles, thereby 
reducing the inhibitory effect of high internal Ca 2+ on the uptake process 
(Weber, 1971) . 
The direct involvement of the (Ca 2+ + Mg 2+) -ATPase of sarcoplasmic 
reticulum in Ca 2+-transport has been convincingly demonstrated in experiments 
where the purified enzyme has been incorporated into phospholipid vesicl es 
2+ 
and an ATP-dependent Ca -uptake demonstrated (Racker, 1972; Racker 
et aZ., 1975) . 
2+ . 
The same results indicate· that the Ca -transporting 
ionophoretic site resides within the en zyme molecule (see chapter 1 . 5 . 2.1 
and Tabl e 1 . 9), which gives further suppor~ to the proposal that the ATPa se 
is the "primary machine" for active Ca 2 +-transport by sarcoplasmic 
reticulum. 
Various factors which alter the activity of the sarcoplasmic 
reticulum ATPase have been shown to influence also the Ca 2 + movements 
into the organelle. Mercurials ,vhich inhibit the enzyme (Shamoo and 
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) 2+ 2 + Goldstein, 1977 and bivalent cations such as Zn and Mn , which compete 
with Ca 2 + for binding sites on the purified enzyme, also inhibit Ca 2 + 
uptake (Shamoo and Goldstein, 1977). It has been shown that c-AMP, which 
increases oxalate-dependent Ca 2 + uptake into some cardiac sarcoplasmic 
reticulum preparations (Entman et al ., 1969; La Raia and Morkin , 1974), 
appears to exert its effect by stimulating the Ca 2 +-activated ATPase 
as a result of protein kinase-dependent membrane phosphorylation (Wray 
et al ., 1973; Wray and Gray, 1977). 
Sarcoplasmic reticulum has been shown to have only one major enzymic 
activity, a Ca 2 +-dependent ATPase; and only one function, Ca 2 + binding and 
release (Ostwald and MacLennan 1974; Katz et al ., 1977a). It controls the 
concentration of cytoplasmic Ca 2 +, thereby controlling contraction and 
relaxation of muscle (Weber, 1966), and any other cytosolic function that 
depends critically on Ca 2 +. 
1.6.4 Regulation of cell Ca 2 + by mitochondria 
The energy-linked uptake of Ca 2 + by mitochondri~ first described 
in the early 1960's (see Deluca and Engstrom, 1961; Vasington and Murphy , 
1962; Saris, 1963; Brierley et al ., 19641 can be supported by energy 
derived from mitochondrial respiration (Chance, 1956; Rossi and Lehninger, 
1964), by valinomycin-induced K+ efflux in respiration-inhibited mito-
chondria (Scarpa and Azzone, 1970) or by the hydrolysis of ATP (Bielawski 
and Lehninger, 1966; Spencer and Bygrave, 1973). Although these forms 
of energy are diverse (e.g., redox, phosphate group transfer and electro-
chemical - see Bygrave, 1977), the experiments have established clearly 
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Table 1.11 
2+ Properties of Ca -transport s ys t em in mitochondria 
(from Bygrave , 1977) 
Locat ion 
Concentration 
Ve locity (at 0°C) of Ca 2 + uptake 
Affinity for free Ca 2 + 
Competitive inhibitor 
Non-competitive inhibitor 
Me tal ion specificity 
pK of binding groups 
a 
Minimal energy requirement 
inner membrane 
Only several p mols/mg protein 
About 0.5 ± 0.1 nmoles/s ec/mg protein 
or 1.0 ± 0.01 nmol es /sec/mg protein 
in the presence of 2mM P . 
1 
2-4µM 
La 3 + (K. ~ 2 x 10- 8 M) 
1 
Ruthenium Red (K. ~ 3 x 10- 8 M) 
1 
Ca 2 +>Sr 2 +>Mn 2 >Ba 2 +>Fe 2 +>La 3+ 
7.5 
Membrane potential 
t hat a electrochemical proton gr adient across the inner mitochondria l 
membr ane is the principa l driving for ce f or th e t rans locat ion of ca 2+ 
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(see Bygrav e , 1977). Moreover, anions that are translocated by mitochond-
ria also distribute thems elves acros s the inner membrane in accordanc e 
with this proton gradient (Quagliare llo and Pa l mieri, 1970; McGivan and 
Kl ingenberg , 1971). 
With the discovery of high-affinity Ca 2+ binding sites (Reynafarje 
and Lehninger, 1969) that can be competitively block ed by La 3+ (Mela, 
1968), the existence of a Ca 2+-binding protein has been identified and 
iso lated from a variety of mitochondria (Lelm i nger, 1971; Sottocasa 
et al., 1972; Carafoli and Sottocasa, 1974; Sandri et al ., 1976). Some 
of the properties of the Ca 2+-transport system in mitochondria are 
summarised in Table 1.11. The principal · factor that regulates the influx 
and efflux of Ca 2 + from mitochondria is the concentration of the Ca 2+-ion 
itself (Reed and Bygrave, 1975; Bygrave, 1975; Valliers et al., 1975). 
Several other factors, such as c-AMP (Borle, 1974), phosphoenol-pyruvate 
(Peng et al., 1974), P. (Harris, 1972), adenine nucleotides (LeBlanc 
1 
· and Clauser, 1974) and Na+ (Carafoli et al., 1974) have been shown to 
i nfluenc e the movement of Ca2 + ions in an indirect fashion (see Bygrave, 
1977). Certain cations (e.g., Mg 2 +), P. and the intramitochondrial 
1 
concentration of adenine nucleotides act as stabili zing components for 
the Ca2 + that has been taken up by mitochondria (Siliprandi et al., 1975; 
see Bygrave, 1977). 
By virtue of their Ca2+ transporting and sequestering ability, 
mitochondria are able to play a major role in the modification of cell 
metabolism by controlling the intracellular ionic environment (see 
Gevers and Kr ebs, J 96 6; Bygrave, 1977), since a large number of enzymes 
and metabolic pathways are sensitive to fluctuations in the concentration 
of cytoplasmic Ca2 + (Bygrave, 1967, 1976; Rasmussen, 1970). A detail ed 
2 + . discussion of other possible phys iological roles for Ca movements in 
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different tissues is beyond the scope of this chapter. 
1.7 CONTROL OF CELL Ca2 + IN RELATION TO CELL ACTIVATIO 
A large number and variety of enzymes are sensitive to low cone-
. f C 2 + entrat1ons o a : this is seen most clearly with cytoplasmic enzymes 
such as pyruvate kinase (Bygrave, 1966; Meli and Bygrave, 1972) and 
mitochondrial enzymes such as pyruvate dehydrogenase (Linn et al . , 
1969a, b; Randle et al., 1974; Denton et al . , 1975) and pyruvate carboxy-
lase (Foldes and Barritt, 1977). Many metabolic pathways, such as protein 
biosynthesis (Rao et al . , 1974) and pathways of phospholipid metabolism 
(Roberts and Bygrave, 1973), have been shown to be influenced by Ca 2 +. 
Moreover, events like the antigen-triggered release of histamine from mast 
cells (Mongar and Schield, 1958), the release of catecholamines from the 
chromrnafin cells of adrenal medulla (Douglas and Rubin, 1961) and the 
secretion of hydrolases by neutrophils (Woodin and Wieneke, 1963) have 
2+ been shown to be absolutely dependent on extracellular Ca . 
From the point of view of this thesis, which is concerned with 
lymphoid tissue metabolism, the exact regulatory role of Ca 2 +-ions in 
the initiation of the transformation of T-lyrnphocytes (Whitney and 
Sutherland, 1972; 1973; Parker, 1974) is considered in greater detail. 
2+ Freedman et al . (1975) have described a "gated Ca -flux" across the 
plasma membrane into T-lyrnphocytes in response to the addition of mitogenic 
plant lectins (e.g., concanavalin-A) at optimum concentration. They prop-
osed that a large influx of extracellular Ca 2 + into the cells is completed 
within one minute . . 2+ In contrast, a large and continuous increase in Ca 
uptake has been reported by Whitney and Sutherland (197 3) . Similarly, 
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increased Ca 2+ uptak e by lymphocytes has been observed or implicated in 
cell activation during ionophore A23187 or phytohaemagg lutinin (PHA) 
treatment (Raff et al . ., 1975; Greene et al . ., 1976; Culvenor and Weidemann, 
19 76). 
However, recent findings by Metcalf and his co-workers have raised 
the possibility that "lymphocytes cannot become committed to transform 
+ 
while the Ca 2 influx is maintained" (Hesketh et al . ., 1977). They 
suggest that the observed increase in Ca 2 + influx due to concanavalin-A, 
ionophore A23187 or PHA treatment, which is reported to result in cyto-
plasmic concentrations of 0.5 to 300 mM (Parker ,. 1974; Freedman et al . ., 
1975), could be cytotoxic, since Ca 2 + present in the cytoplasm at even 
1.0 mM would inhibit glyco]ysis and protein synthesis. These two pathways 
are both considerably stimulated in transformed cells (Roos and Loos, 1973; 
Culvenor and Weidemann, 1976). Although Metcalf has questioned the require-
ment for a shortlived uptake of extracellular Ca 2 + during the early stages 
of lymphocyte stimulation, his results do not exclude the possibility that 
"a small increase in cyt-oplasmic Ca 2 + is a component of the signal that 
commits the cell to transform" (see Hesketh et al . ., 1977). 
If Ca 2 + uptake does play an essential role in lymphocyte trans-
formation , it is of importance to establish whether there is a direct 
causal relationship between the observed Ca 2 + fluxes and the metabolic 
changes that are associated with DNA synthesis during lymphocyte trans-
formation (Wang et al . ., 1976). It has been demonstrated, in both spleen 
and thymus, that the glucose carrier, hexokinase, phosphofructokinase 
and pyruvate kinase, but no other glycolytic reactions, are displaced 
significantly from thermodynamic equilibrium in vivo (see Suter, 1973; 
Culvenor and Weidemann, 1976). The acceleration of 3-o-methyl-D-[U- 14C]-
glucose transport in the presence of concanavalin-A (but not the unstimulated 
+ 
basal transport rate) is dependent in a sigmoidal manner on the free Ca2 
concentration in the external medium (Yasmeen et al . ., 1977). This is also 
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true in the absence of concanavalin-A if t~e Ca 2+ ionophore A23187 is used 
as the stimulating agent (Hume and Weidemann, 1978). Hence, an increased 
flux of carbon through the glycolytic pathway could be attributed solely 
to the activation of the glucose carrier (Culvenor and Weidemann, 1976; 
Yasmeen et al ., 1977). A crucial unsolved problem is whether the Ca. 2+ 
uptake that preceeds detectable changes in the rate of glucose transport 
is responsible for setting these changes in motion or whether it is an 
independent, but simultaneous, consequence of mitogen-binding. 
As a result of the stimulation of glucose transport by either 
concanavalin-A or A23187, a 4-to-5-fold increase in lactate plus pyruvate 
production has been detected in lymphocytes within 30 minutes; in the same 
experiment the oxidation of [U- 1 t]-glucose to 14 C0 2 increased by only 
30-50% (Yasmeen et al. , 1977) . Earlier studies on spleen slices (Suter 
and Weidemann, 1975, 1976) and isolated thymus cells (see Chan, 1972) 
have indicated that the oxidation of pyruvate by lymphoid tissue mitochondria 
is limited by the very low activity of pyruvate dehydrogenase, which is 
a non-equilibrium enzyme (Suter, 1973). Its activity is considerably slower 
than the rate of pyruvate production by the glycolytic pathway and its K 
m 
is below the prevailing steady-state concentration of pyruvate in cells 
metabolising SmM glucose. It is likely that an increase in pyruvate oxid-
ation by this t :~ ssue would require the activation of pyruvate dehydrogenase 
by factors other than an increase in the steady-state concentration of 
its substrate. 
It is worth considering in this context that the activity of pyruvate 
dehydrogenase in adipose tissue is regulated by a phosphorylation-dephos-
phorylation mechanism (Denton et al . , 1975) . Randle and his co-workers 
and Wieland have suggested that Ca 2 + ions may play a crucial role in the 
activation of pyruvate dehydrogenase~ by virtue of the ability of Ca 2 + 
to stimulate PDH-phosphate phosphatase (Wieland et al.; 1972; Severson 
et al., 1974). The present work was undertaken to ascertain whether a 
41 
1 . 2+ h rise in cytop asmic Ca , tote extent that occurs during lyr.iphocyte 
stimulation, is a sufficient stimulus to explain the activation of pyruvate 
oxidation observed in whole cells. 
Mitochondria from a number of tissues including liver, kidney and 
heart (Rasmussen, 1970; Borle, 1974; Carafoli, 1974; Bygrave, 1977; see 
also Chapter 1.6.4) are able to contribute to alterations in the intra-
cellular distribution of Ca 2 +. In contrast, very little is known about 
mitochondria from lymphoid tissues and their possible role in the cellular 
redistribution of Ca 2 +. Mitochondria were first isolated from spleen by 
Potter and Bethel (1952) and their oxidative phosphorylative activities 
were tested after X-irradiation (Maxwell and Ashwell, 1953; Eichel, 1957). 
Simi lar studies were made with thymus mitochondria (Scaife, 1966) which 
were isolated in sucrose medium (0.25M) supplemented with Ca 2 + (3.0mM). 
Most of the available reports on these mitochondria describe the deleterious 
effects of X-irradiation on their oxidative functions (Ashwell and Hickman, 
1952; Cole et aZ., 1952; Maxwell and Ashwell, 1953; van Bekkurn, 1955; 
Mantifel and Meisel, 1965; Scaife, 1966). No other systematic study of 
the properties of mitochondria isolated from lymphoid tissues have been 
carried out. 
In our hands, when spleen mitochondria were isolated in an iso-
osmotic sucrose medium, addition of ADP (in an incubation medium containing 
substrates and Mg 2 +) stimulated state-3 respiration in such a manner that it 
did not cease when the added ADP was exhausted. When spleen mitochondria 
were isolated in the same medium supplemented with EGTA and were then inc-
ubated in a medium free of added bivalent metal ions (e.g., Mg 2 +), they 
were tightly-coupled and gave high respiratory control and ADP/0 ratios. 
These observations can be explained if there is a bivalent metal-ion-
stimulated ATP-hydrolysing reaction in rat· spleen mitochondria that is 
· b 2 + · d . 1 t ADP accessi le to exogenous Mg -ions an continuous y regenera es . The 
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results of detailed investigations of the properties of this reaction are 
presented in the following chapters. 
1.8 AIMS OF THIS PROJECT 
In view of the importance of bivalent metal ions, especially Ca 2 +, 
in lymphocyte stimulation this project was planned with the following 
objectives: 
(1) to elucidate whether a rise in the steady-state cytoplasmic 
Ca 2 + concentration, which occurs transiently during lymphocyte 
stimulation, has the capacity to increase mitochondrial pyruvate 
oxidation to the extent observed in stimulated ~ymphocytes; 
(2) to determine systematically the nature and location of the 
ATP hydrolysing system (ATPase) present in the EGTA-accessible 
space of spleen mitochondria; and 
(3) to investigate the kinetic properties of this enzyme with a 
view to determining its possible role in the regulation of 
-
the energy-linked functions of spleen mitochondria and the 
Ca2 + homeostasis of the cells that contain it. 
In the present study, attention has been focussed on the ATP-
hydrolysing system (ATPase) from the outer membrane fraction of rat spleen 
mitochondria . Although a similar enzyme has been reported in mitochondria 
from tissues like heart and kidney-cortex, no systematic study of its 
functional role in those tissues has been undertaken. In this project, 
I have limited myself to describing a functional role for the outer membrane 
ATPase, and possibly a role for the "outer mitochondrial compartment", 
. 2+ . in general terms - with particular emphasis on the regulation of Ca -ion 
movements in the lymphocyte subpopulations of the spleen that seem to 
contain it. 
CHAPTER 2 
REGULATiON OF PYRUVATE OXIDATION 
BY BIVALENT CATIONS IN RAT LYMPHOID TISSUE MITOCHONDRIA 
CHAPTER 2 
REGULATION OF PYRUVATE OXIDATION BY BIVALENT CATIONS I t 
RAT LYMPHOID TISSUE ~IITOCHONDRIA 
2.1 INTRODUCTION 
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Concanavalin-A is a mitogenic protein isolated from the Jack bean 
CanavaZia ensiformis which has the ability to transform "resting" small 
lymphocytes, in a non-specific fashion, into lymphoblasts capable of 
mitosis . + The Ca2 -ionophore A23187, which is a product of the genus 
Strep tomyces, is a mobile carrier of Ca2+-ions (Pressman, 1968; Gomperts, 
1976) that is capable of mimicking, to some extent, the action of concan-
avalin-A in stimulating lymphocytes. 
Prominent among the early metabolic events that occur during 
thymus lymphocyte transformation is an increased uptake of Ca 2+-ions 
and [U 14 C]-glucose from the incubation medium and a subsequent stimulation 
of glycolysis and 1 ~C0 2 production (see Chapter I) . This chapter is 
devoted primarily to examining whether the increased production of CO2 
from glucose oxidation in transforming lymphocytes is a direct consequence 
of increased mitochondrial pyruvate oxidation . .Secondly , in accordance 
with the principles discussed in Chapter I, it is aimed at determining 
whether Ca2+-ions, which are thought to play a "triggering" role in lym-
phocyte stimulation (Gomperts, 1976), are capable of stimulating pyruvate 
oxidation in isolated mitochondria, as Ca 2+-ions have been implicated in 
the activation of pyruvate dehydrogenase in a number of tissues (Linn 
et al., 1969a, b; Severson et al., 1974; Denton et al . , 1975). 
As a first approach to testing this hypothesis, intact mitochondria 
were isolated from lymphoid tissues (rat spleen and thymus) and their 
ability to oxidize pyruvate and other oxidizable substrates was tested 
in the presence and absence of added bivalent metal ions . 
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2.2 MATERIALS 
[U- 14C]-glucose, [6- 14 C]-glucose and [1- 14 C]-pyruvate were obtained 
from the Radiochemical Centre, Amersham, U.K. [1- 14 C]-pyruvate was 
dissolved in water, stored in aliquots at -20°C and used within 14 days 
of receipt. All enzymes used in substrate assays were from Boehringer, 
Mannheim, Gmb H., West Germany. CaCh was a lOOmM standard solution from 
Orion Research Inc . , MA., U.S . A. Ionophore A23187 was from Lilly Research 
Laboratories, Indianapolis, IN . , U.S.A . and was dissolved in ethanol 
before use . Butyl-PBD[S-(4-biphenylyl)-2-(4-t-butylphenyl)-1-oxa-3,4-
diazole], was from Koch-Light Laboratories, Colinbrook, U. K. and hyamine 
hydroxide (a 1.0 M solution in methanol) was from Packard Instrument Co., 
Dowers Grove, Ill., U. S.A. Concanavalin-A was prepared from Jack bean 
meal by the method of Agarwal and Goldstein (1967) and was stored as 
· at -20°C . an aqueous suspension All other reagents used were of the 
highest purity available commercially . Rubber "Suba-seals" (size 33, 
to fit Beckman glass scintillation vials) were from Townson and Mercer, 
Lane Cove, N.S.W., Australia . 
2.3 METHODS 
2.3.1 Preparation of thymus lymphocytes 
Pooled thymus cells from seven week-old outbred male Wistar rats 
were prepared at room temperature by teasing thymus tissue with 22-gauge 
needles in phosphate-buffered saline (NaCl, 136mM; KCl, 4.7mM; CaCl2, 
pH 7.2 (Krebs and de Gasquet, 1964) . Cells were gently dispersed with a 
pasteur pipette, centrifuged for 30 seconds at SO xg to remove debris and 
then washed by centrifuging at 300 Xg for 7 minutes . They were finally 
resuspended in a suitable volume of the same buffer . The viability of 
the cells, determined as described by Culvenor and Weidemann (1976), was 
over 95% . 
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2.3 .2 Incubation procedure 
Incubations were carried out at 37°C. Cells were suspended at 
a density of 1.3 x 10 8 /ml in a final volume of 3.0ml in Warburg flasks 
containing the Pi-buffered saline (pH 7.2) described above, plus the 
additions indicated in the Legends. The cells were gassed with oxygen 
(100%) for 30 seconds and the reactions initiated by addition of radio-
active glucose alone (S.OmM) or by simultaneous addition of glucose and 
either mitogen or A23187. Reactions were terminated by addition of HCl 
(0.5ml ; O.SM) and the 14 C02 liberated was collected in removable centre-
wells containing CO 2-free KOH (2M; 200µ1) by shaking the flasks for a 
further 10 minutes. They were then cooled to 0°C rapidly and treated with 
perchioric acid (0.5ml; 3.0M) to precipitate the protein. The centre-
wel ls were removed, rinsed clean on the outside and placed into sealed 
tubes containing CO 2-free water (4.8ml). 14 C02 was estimated by pipetting 
a small sample of this solution (200µ1) into 10ml of scintillation fluid 
(Butyl PBD, 15g; toluene, 1.5 litres and methoxy ethanol, 1.0 litre) and 
counting in a Eeckman LS-350 liquid scintillation counter. Total CO2 
was assayed in 2 .0 ml samples of the diluted centre-well contents by the 
manometric method of Weidemann and Krebs (1969). The protein precipitated 
in the remaining cell suspension was removed by centrifugation (27,000 x 
g for S minute~) and the supernatantswere neutralised with K2C03 (SM) 
and made up to 5.0ml. Aliquots of this solution were then assayed for 
substrates and products. 
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2.3.3 Analytical methods 
Pyruvate was assayed by a fluorometric adaptation of the method 
of Bucher et ai. (1965); lactate by the method of Hohorst (1965); glucose 
by the method of Slein (1965); acetoacetate and 3-hydroxybutyrate by the 
method of Williamson et a'l. (1962); aspartate by the method of Pfeiderer 
(1965); glutamate by the method of Bergmeyer and Bernt (1965) and glycogen 
by the method of Bartley and Dean (1968). 
[14C ]- glucose, [14C ]-glutamate, [14C ]-aspartate and 14C-lactate 
derived from [ U- 14C ]-glucose were separated and analysed as described 
by Hwne et al. (1978). Extraction of DNA, RNA and lipids from cell sus-
pensions was carried out as described by Hume et al . (1978). 
2. 3. 4 Measurement of 4sca uptake by rat thymus lymphocytes 
Suspensions of rat thymus lymphocytes were prepared as described 
in 2.3 . 1. The initial rate of 4 sca uptake was measured in thymocytes 
prepared in the phosphate-buffered saline of Krebs and de Gasquet (1964) 
modified to contain no Ca 2 +. The cells (3.3 x 10 8/ml) were incubated 
at 37°C in glass vials containing glucose and acetoacetate (both at 5mM), 
phosphate-buffered saline (with the Ca 2+-concentration reduced to O.lmM) 
and appropriate additions in a total volume of 1.2ml. 2+ The low Ca 
concentration used was close to saturation for the uptake process 
(L .M. Russell, D.A. Hume and M.J. Weidemann, unpublished results) and was 
chosen to avoid excessive di l ution of the specific activity . After at 
least 15 minutes preincubation, reactions were started by simultaneous 
addition of 1.tsca (approx . O. lµCi) and concanavalin-A, A23187 or saline. 
Samples (0 . 1ml) were removed at 1 minute intervals , layered on to a bovine 
serum albumin cushion (1 . 0ml, 10% bovine serum albumin fraction Vin 0.9% 
NaCl, pH 7 . 4) and centrifuged immediately in an Eppendorf bench centrifuge 
for 30 seconds. The supernatants were aspirated off a·nd the pellets were 
dissolved in HCOOH for radioactive counting. Initial rates derived from 
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the linear portion of the uptake curve. The rate of 3-o-ll13thyl [U- 14 C]-
glucose uptake by rat thymus lymphocytes was estimated as described by 
Yasmeen et al. (1977) . 
2.3.5 Isolation of mitochondria 
Male albino Wistar rats were stunned with a blow on the head and 
exsanguinated. The spleens or thymuses were removed quickly and placed in 
an ice-cold isolation medium containing sucrose (0.25M), EGTA (lmM), 
bovine serum albumin (1% w/v) and Hepes (5 . 0mM; pH 7.4). The pH of the 
medium was adjusted to pH 7.4 with KOH prior to use. The pooled spleens 
or thymuses (approx. 5g tissues) were minced coarsely with scissors and 
suspended in 9 vol mes of isolation medium. The mince was homogenised 
with two passes of a motor-driven Potter-Elvehjem tissue homogenizer. 
The homogenate was centrifuged at 650 x g for 10 minutes and the pellet 
discarded . The supernatant was centrifuged at 8,500 x g for 15 minutes, 
and the resulting mitochondrial pellet was washed twice (with isolation 
medium free of EGTA) and centrifuged between washes at 8,500 x g to 
resediment the pellet. The mitochondrial pellet was ~esuspended finally 
in a suitable volume of the same wash medium to give a final protein con-
centration of 20mg/ml . 
2.3.6 Measurement of mitochondrial respiration 
Respiration was measured with a Clarke-type oxygen electrode (Reed, 
1972) . The reaction mixture in a final volume of 2 .0ml consisted of 
sucrose (0.25M), EDTA or EGTA (1.0mM), potassium phosphate buffer 
(lOmM; pH 7.4), bovine serum albumin (1% w/v), Hepes (lOmM; pH 7.4), 
0.S-0.8mg of mitochondrial protein and, where applicable, MgCl2 or CaCl2 
at the concentrations indicated in the legends to the Tables and Figs. 
The terminology of Chance and Williams (1956) for various mitochondrial 
states and for respiratory control ratios is used throughout. 
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2.3.7 Measurement of protein 
Mitochondrial protein was determined by the Biuret method of Layne 
(1957), with bovine serum albumin as the protein standard. 
2. 3.8 Mitochondrial [1- 14C]-pyruvate oxidation 
The oxidation of [1- 14C]-pyruvate by mitochondria isolated from 
r at spleen and thymus was studied in a reaction medium similar to that 
used for measuring mitochondrial respiration but containing malate 
(0. lrnM) and ADP (5.0mM) in addition in a total final volume of 1.0ml. 
Mi tochondria (1.4mg protein in the case of spleen and 0.5mg protein in 
t he case of thymus) were added to a reaction medium, in Beckman glass 
scintillation vials, containing the desired concentrations of Ca 2+ 
I (as indicated in the Legends), and the mixture was preincubated at room 
t emperature for 5 minutes before being placed on ice. The vials were 
sealed tightly with "Suba seals", after placing an open Eppendorf tube 
i nside, and incubated at 37°C in a shaking water bath. The reaction was 
i nitiated by injecting sufficient [1- 14C]-pyruvate (specific activity; 
0.l µCi/)..IIIlol) through the seal to give a final concentration of 1.0mM 
i n the reaction medium. At the end of 5 minutes, the reaction was stopped 
wi th an injection of citric acid (200µ1, 65% w/v). The 14C0 2 liberated 
inside the vials was collected by injecting hyamine hydroxide (1.0ml) 
into the Eppendorf tubes and shaking the vials gently for a further 30 
minutes. To ensure maximum 14C0 2 trapping in the hyamine hydroxide, 
saturated NaHC0 3 (200µ1) was injected into the acidic incubation mixture 
and the vials were shaken for a further 30 minutes, which improved both 
the recovery and reproducibility of the 14C0 2 assay. The Eppendorf tubes 
were then removed, rinsed with water, wiped clean and transferred to 
scintillation vials containing 10ml of scintillation fluid; the radio-
activity was determined as described above. Control runs, in which mito-
chondria were replaced by an equal volume of water, were performed under 
identical conditions. 
Fig.2.1 Calculation of free metal ion concentrations 
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2.~.9 Calculation of free metal ion concentrations 
In experiments desjgned to study the effect of free metal ion 
concentrations on mitochondrial substrate oxidations, Mg 2+ /EDTA (1. OmM) 
and Ca 2+/EGTA (l.OrnM) buffers were used in the reaction medium. The 
ability of P. to chelate bivalent metal ions was taken into account in 
1 
making the calculation, as lOrnM P. was always present in the medium. 
1 
The free metal ion concentrations were calculated by the computation 
method of Perrin and Sayce (1967). 
The following dissociation constants: 
and 
for EDTA.H2 
EGTA.H2 
the following 
for Mg/EDTA 
Ca/EGTA 
stability 
Ca3 (P04) 2 
and Mg3(P04)2 
constants: 
(K1= 8.69 and K2=10. 97) 
(K1=10.97 and K2=14 . 76) 
(K1= 6.3, K2=14.77 and K3=19 .57) 
(K1= 2.91) (Sillen and Martell, 1971) 
were used. The relationship between total and free metal ion concentrations 
is presented in Fig. 2.1. 
2.4 RESULTS 
2.4.1 Quantitative aspects of [U- 14C]-glucose metabolism; comparison 
of thyrnocyte suspensions and spleen slices 
In the absence of added substrate, rat thyrnocyte suspensions 
consume 0 2 at a non-linear rate during the first hour of incubation and 
produce large quantities of Hti+ (16 . 3µmol ./10 10 cells/3hr). Liberation 
of ammonia by lymphoid tissues is associated with endogenous amino acid 
oxidation (Suter and Weidemann, 197.6); and the quantities produced by 
thyrnocytes are sufficient to account for a 25% contribution by endogenous 
amino acid oxidation to the respiratory fuel in the absence of added glucose. 
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Table 2.1 
The effects of concanavalin-A on the metabolism 
of [U- 14C)-glucose by rat thymocytes 
The values reported here are from Hume et al . (1978). Rat thymus lym~hocytes 
(1.3 x 10 8 /ml) were incubated for three hours in the presence of [U- 1 C]-
glucose (SmM, 10 6 cpm/flask)± A23187 (0.4~g/ml) or concanavalin A (SO 
µg/ml) in a total volume of 3ml. Details of substrate assays and calcul-
ations are presented in the text. Results for all substrates are presented 
as µmoles formed (or utilized)/10 10 cells/3 hour incubation± S.E.M. 
f or the number of observations (in parentheses) on separate cell prep-
arations. 
CONTROL 
(7) 
02 consumption -412±20 
CO2 production +416±27 
Respiratory quotient (COi/02) 1. 0±0. 02 
Glucose disappearance -72.6±7.3 
Lactate production +47.8±3.5 
Pyruvate production 
Specific activity of 
14 C02 (x 10- 3 ) 
Glucose to 14 C0 2 (%) 
Glucose to lactate (%) 
Glucose not accounted for 
(%) 
Glucose to fuel of 
respiration (%) 
+2.64±0.2 
4.92±0.32 
3.36±0.23 
27.7±3.1 
37 .6±3.8 
33.6±5.4 
43.0±3.2 
+CONCANAVALIN-A + A23187 
(7) (5) 
-435±24 
+446±29 
1.03±0 .02 
-141. 3±6. 9 
+153.2±9.2 
+ 5.43±0.32 
7.19±0.57 
4-. 60±0. 37 . 
20. 7± 1.1 
57.8±5.3 
21.5±4.9 
57.7±4.6 
-424±34 
+436±36 
1.03±0 .02 
-109.9±16.7 
+117.9±19.7 
+ 5.2±0.8 
6.55±0.47 
7 .21±0.22 
24.4 ±2.7 
56.5 ±5.0 
19.9 ±6 .2 
50.8 ±3.9 
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The addition of glucose (5mM) leads to a 50% increase in 0 2 consumption, 
+ which becomes linear, and an almost total suppression of ~'H 4 production 
(Beaver , 1975). In contrast, saturating concentrations of glucose do 
not stimulate 02 consumption in rat spleen slices (Suter and Weidemann, 
1975) and only partially suppress the observed NH 4 + production. Isolated 
t hymocytes may not have an endogenous fuel supply as large as that possessed 
by the metabolically active cell populations of spleen slices as they 
i ncur less mechanical damage during preparation, reducing the possibility 
of artefactual proteolysis. 
The major quantitative difference between thymocytes and spleen 
slices in the fate of the glucose metabolised lies in the production of 
lactate and pyruvate, which accounts for 38% of the glucose disappearance 
in thymocytes (Table 2 .1) but for 70-80% in spleen slices (Suter and 
Weidemann, 1975). The percentage of the glucose uptake accounted for 
by CO 2 production is approximately the same . in the two preparations, 
leaving 34% of the glucose consumed by thymocytes unaccounted for by 
lactate, pyruv&te and CO 2 production (Table 2.1). This figure is neg-
libible in spleen slices (Suter and Weidemann, 1975). The most likely 
fate of the major part of the glucose not accounted for is glycogen. 
Puckle (1974) has shown that 24% of the c.p.m. recovered when thymocytes 
are incubated with [U- 14C]-glucose is found in glycogen and oligosaccharides, 
(see Table 2 .2) which is a much larger percentage than that recovered in 
spleen slices. No net change in the tissue glycogen concentration is 
observed on incubation of spleen slices with glucose (Suter and Weidemann, 
1975), but thymocytes apparently have a much greater capacity than spleen 
slices for glycogen synthesis. 
Metabolite 
Glucose 
(initial) 
Glucose 
(final) 
Glucose 
Table 2 . 2 
The effect of concanavalin-A on the fate of labelled c1rbcn from [U- 14C)-glucose in rat thymocytes 
The values are taken from Puckle (1974). The methods used are given in detail in the text. 
CONTROL + CONCANAVALIN-A 
Recovered dpm Specific activity Recovered dpm Specific activity 
dpm/flask (excluding glucose) (dpm/µ15 atom C) dpm/flask (excluding glucose) (dpm/µg atom C) 
(%) (%) 
4,633,180 51,864 4,633,180 51,864 
3,756,760 48,237 3,137,260 45,280 
876,420 1,495,920 
(metabolised) 
Glycogen+oligo- 159,155 23.8 177,541 12.4 
saccharides 
Glutamate 62,669 9.3 14,882 99,308 6.9 22,537 
Aspartate 32,616 4.9 41,501 2.9 
Lactate 178,179 26.5 54,297 700,470 48.9 44,540 
CO2 183,810 27.4 13.707 312,476 21.9 18,446 
RNA 10,861 1.6 19,332 1. 3 
DNA 10,300 1.5 12,940 0.9 
Protein 20,468 3.1 39,149 2.7 
Lipid 12,876 1.9 25,509 2.1 
Total dpm 4,428,094 4,569,385 
recovered 
tn 
vl 
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2.4.2 Percentage contribution of glucose to respiratory fuel 
The percentage contribution of glucose to the fuel of respiration 
in rat thymocytes can be calculated in three different ways: (i) by 
determining the dilution of the specific radioactivity of glucose carbon 
in 14 C02; (ii) by assuming that the glucose carbon taken up and not found 
in lactate and pyruvate is completely oxidized to CO2 by the tricarboxylic 
acid cycle; or (iii) by determining the net flux of glucose to CO 2 (from 
the percentage recovery of d.p.m.) as a percentage of the total CO2 prod-
uction. Method (ii) gives a substantial overestimate (in contrast to the 
case of spleen slices) because of the large component of the glucose uptake 
unaccounted for. Methods (i) and (iii) give similar values (estimate in 
Table · 2.2: Method i). However, Suter and Weidemann (1975) have shown that 
the specific activities of CO2, glutamate and aspartate are practically 
identical after incubation of spleen slices with [U- 14C]-glucose. It is 
suggested that these amino acids a1·e labelled by isotope exchange through 
the glutamate and aspartate transaminase half-reactions (Haslam and Krebs, 
1963; Krebs et al. , 1966). Puckle (1974) has shown that 14.2% of the 
d.p.m. from [U- 14C]-glucose may be recovered in labelled glutamate and 
aspartate produced by rat thymocytes and that the specific activity of 
the carbon incorporated into glutamate and CO2 is very similar (Table 2.2) . 
This loss to glutamate and aspartate is a major component of the labelled 
glucose not accounted for. If 14C does enter glutamate and aspartate 
purely by isotope exchange, this is equivalent to loss of labelled oxidi-
zable intermediates of the tricarboxylic acid cycle, and methods (i) and 
(iii) both underestimate the percentage contribution of glucose to the 
respiratory fuel . The following equation, which compares the specific 
activity of CO 2 (corrected for loss to glutamate and aspartate) with the 
specific activity of glucose carbon, was used to obtain estimati.on.s in 
Table 2.2: 
Table 2.3 
The effect of acetoacetate on [U- 14C]-glucose metabolism and the 
response to concanavalin-A in rat thymocytes 
The values are taken from Hume et al . (1978) 
Details of the method are given in the text and Table 2.1. Results are given as µmoles/10 10 cells/3hr 
± S.E.M. for 3 experiments. Glucose and acetoacetate were each added at a final concentration of 5mM. 
SUBSTRATE ADDED 
± Concanavalin-A 
(50 µg/ml) 
Oxygen uptake 
Glucose uptake 
Lactate Prod-
uction 
Pyruvate 
production 
Acetoacetate 
uptake 
8-Hydroxybutyrate 
production 
Cpm in 14 C02 (10- 4 ) 
ACETOACETATE 
+ 
-
391±18 400±22 360±12 
55± 4 
27± 3 
1.3±0.2 
84± 8 81± 7 
-
20± 3 19± 1 -
6.3 
GLUCOSE GLUCOSE+ ACETOACETATE 
+ - + 
391±12 414±20 421±25 
122± 4 45± 1 105± 7 
134± 5 73± 3 172± 4 
4.5±0.2 8.7±0.6 15.9±0.9 
-
91±13 81±14 
-
26± 1 25± 1 
10.0 1.5 2.8 
(.J'1 
(.J'1 
Percentage contribution of glucose to respiratory fuel= 
d .p .m. in 14 C0 2 + 0.142 (d.p.m. lost from glucose) 
µ mols of CO 2 produced 
6 (µmoles of glucose added) 
d.p.m. in added glucose X 100 
X 
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This estimate (43%) suggests that, even in the presence of glucose, the 
percentage contribution of the endogenous respiration to the 02 consump-
t ion remains at a high level (57%). This represents a 13-14% suppression 
of the endogenous metabolism by glucose, which may be attributed to the 
suppression of endogenous amino acid oxidation associated with the decrease 
+ i n NH4 production observed on addition of glucose (see above). 
Acetoacetate (SmM) alone stimulated the basal rate of respiration 
of isolated thymocytes to the same extent as _ added glucose (Table 2.3). 
The net amount of acetoacetate consumed was sufficient to account for 65% 
of the cellular 02 consumption when the production of 3-hydroxybutyrate 
was subtracted. When cells were incubated with [U- 14 C]-glucose plus 
acetoacetate, acetoacetate was the preferred fuel of respiration. 
Acetoacetate greatly inhibited the flow of glucose carbon to 14 C02 and 
90% of the net glucose uptake in its presence could be accounted for by 
the production of lactate and pyruvate. Thus, acetoacetate also reduced 
substantially the percentage of glucose uptake not accounted for, which 
according to the data in Table 2.2, may be equated with an inhibition of 
glycogen synthesis. 
2.4 .3 Effect of concanavalin-A and A23187 on 
glucose metabolism by T-lymphocytes 
During the transformation of thymus lymphocytes to lymphoblasts, 
their metabolic activity is altered in specific ways. Among the many 
early changes that occur, the enhanced uptake of metabolites (e.g., sugars 
and amino acids) and ions (e.g., Ca 2+, K+) may be of importance in 
Fig. 2.2 Effect of concanavalin-A and A23187 on the uptake of 
4SCa and 3-o-methyl glucose by rat thymus lymphocytes 
The data on the rate of 3-o-methyl glucose uptake by rat 
thymus lymphocytes are taken from the B.Sc (honours) thesis of A.J. Laird 
(1974) ; and the data on the rate of 45 Ca-uptake was taken from L.M. Russe ll 
(unpublished observations) . Details of the method are given in the text. 
Where appropriate, concanavalin-A (lOµg/mg) and A23187 (0.4µg) were present 
in the incubation medium. 
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initiat ing and regulating the altered pattern of glucose oxidation seen 
in stimulated lymphocytes. 
For instance, Fig. 2.2 shows that, in isolated rat thymus lympho-
cytes, the addition of concanavalin-A causes a marked stimulation (about 
2.5-fold) in the initial rate of 3-o-methyl glucose transport. The Caz+_ 
i onophore A23187 causes an almost identical change in the transport rate when 
at least SOµM free Caz+ is present in the incubation medium. These two 
observations suggest that enhanced glucose transport in stimulated lympho-
z+ 
cytes depends on externally added Ca although the basal rate of glucose 
uptake can be supported independently of external Caz+. Further experiments 
have shown (Fig. 2.2) that the initial rate of ~5Ca uptake increased 
(2.5-fold) during the first 10 minutes after the addition of concanavalin-A 
but underwent no further change after 30 minutes. On the other hand, 
addition of A23187 to an identical cell population increased 45Ca uptake 
f or a much longer period (L.M. Russell and M.J. Weidemann, unpublished 
observations) . 
As a consequence of the increased uptc:tke of Caz+ -ions and glucose 
f ollowing concanavalin-A addition, glucose utilization by thymus lymphocytes 
was doubled during a three hour incubation (Table 2.1). More than 73% of 
the additional glucose metabolised was accounted for by a disproportionally 
large increase in the production of lactate and pyruvate, with an associated 
increase in the lactate-pyruvate ratio (indicating a fall in the cytoplasmic 
+ NAO /NADH ratio, assuming that lactate dehydrogenase is in equilibrium). 
This led to a large increase in the percentage of the glucose taken up that 
could be accounted for purely by lactate and pyruvate production (i.e., from 
38%-58%). Similar results have been observed after addition of phytohaem-
agglutinin to rat thymus lymphocytes (Culvenor and Weidemann, 1976). 
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The percentage of the glucose consumption not accounted for by 
l actate, pyruvate and CO2 production decreased in the presence of 
concanavalin-A, but the absolute amount increased, suggesting that a 
20-30% increase in glycogen synthesis may have occurred. The percentage 
contribution of glucose to the respiratory fuel also increased in response 
t o concanavalin-A, irrespective of the method used to estimate it. 
EstimatLon in(Table 2.1) was calculated using equation (i) except that 
t he percentage incorporation of counts from [U- 14C]-glucose into glutamate 
and aspartate was assumed to decline to the same extent as the percentage 
of glucose counts found in CO2. Concanavalin-A reproducibly increased the 
percentage contribution of glucose to the respiratory fuel from 43% to 
58%, which represents a 37% suppression of endogenous metabolism. It 
i s not possible to decide from these results whether the effect of concana-
valin-A was due simply to increased glucose metabolism or whether it also 
i nvolved a specific · inhibition of the utilisation of endogenous fuels. 
As seen in Table 2.1, the effect of A23187 on glucose oxidation by thymo-
cytes. was more variable than that of concanavalin-A. At the concentration 
us ed· (0.4µg/ml) the addition of ionophore very closely mimicked the effect 
of concanavalin-A on all aspects of glucose metabolism; glucose uptake, 
lactate production and the percentage contribution of glucose to the fuel 
of respiration were all increased to approximately the same extent by both 
agents. In order to determine the relationship between the two responses 
we have titrated each agonist alone and each in the presence of a range of 
concentrations of the other. The results show that the effects of con -
canavalin-A and A23187 on glucose uptake and lactate production are partly 
additive . An example is given in Fig. 2 .3, where lactate production in the 
presence and absence of concanavalin-A has been measured over a range of 
A23187 concentrations. 
Fig.2~3 Effect of varying concentrations of A23187 on 
concanavalin-A stimulated CO 2 and lactate production 
The data are taken from the collaborative Ph.D project work of 
D.A. Hume. Details of the method are given in Table 2. 1, except that 
A23187 was added to give different concentrations in the medium as ind-
icated in the Fig. Lactate and 14 C0 2 were assayed as described in the 
text. 
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Table 2.4 
Metabolism of [6- 14C]- glucose 
by rat thymus lymphocytes 
The incubation procedure and the method for CO2 assay are given in the 
text and Table 2.1, except that [6- 14 C]-glucose was used instead of 
[u- 1 1tc]-glucose. 
Time 
(mins) 
10 
30 
60 
180 
The results are expressed as an average 
of duplicate experiments. 
14 C02 OUTPUT (d.p.m.) 
Percentage 
increase due to 
No addition +Concanavalin-A concanavalin-A 
130 360 176.9 
680 1,000 47.1 
3,480 4,800 37.9 
91,300 128,100 40.3 
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2.4.4 Effect of concanavalin-A and ionophore A23187 on 14co2 
production from [U- 14C]- and [6- 14C]-glucose oxidation 
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Although addition of concanavalin-A or A23187 to thymocytes increased 
the production of lactate and pyruvate by 4-5-fold, only a 30-40% increase 
in the oxidation of [U- 14C]-glucose carbon to 14C0 2 was observed (Table 2 .1 ) . 
Experiments on isolated spleen ce lls gave essentially similar results, 
although the basal unstimulated glycolytic rate in these cells was much 
higher (Suter and Weidemann, 1975). 
In order to establish that the increased CO2 production by concan-
avalin-A may be due, at least in part, to increased oxidation of pyruvate, 
the 14C02 output from thymocytes oxidizing [6- 14C]-glucose was measured 
(Table 2.4). The respiratory 14C02 production was increased by concan-
avalin-A, both in short term incubations and at the end of 3 hours 
(Table 2.4), which rules out the possibility that an increased flux of glucose 
carbon through the oxidative segment of the pentose phosphate pathway may 
have been the main factor responsible for the increased 14C0 2 production 
(as it appears to be in phagocytosing macrophages and granulocytes). 
Furthermore, a low pentose phosphate pathway activity has been found in 
both unstimulated and mitogen-stimulated lymphocytes (Hedeskov, 1968) and 
in spleen slices (Suter and Weidemann, 1975). Thus, the weight of the 
available evidence suggests that the increase in 14C02 production in the 
presence of concanavalin-A is due to a specific increase in the oxidation 
of pyruvate generated by the glycolytic pathway. 
The addition of acetoacetate as an alternative fuel did not 
affect the glycolytic stimulation induced by concanaval i n-A (Table 2.3), 
but a much larger proportion of the glucose taken up was converted into 
lactate. The 14C0 2 production obs erved in the unstimulated cells was 
strongly inhibited by acetoacetate, but concanavalin-A was still able to 
stimulate this process. Together, these two observat i ons indicate that 
concanavalin-A stimulates respiration by increasing [6- 14C]-glucose 
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oxidation at the reaction that produces acetyl-CoA from pyruvate rather 
than at the oxidation of acetyl-CoA (generated from a variety of sources 
such as acetoacetate, the oxidation of which is not stimulated by the 
mitogenic lectin) by the tricarboxylic acid cycle. 
Earlier studies performed in this laboratory have indicated that 
pyruvate dehydrogenase is a low-activity, non-equilibrium, substrate-
saturated and rate-limiting enzyme in lymphoid tissues (Suter, 1973; 
Suter and Weidemann, 1975) with a maximum catalytic capacity that is 
considerably slower than the rate of pyruvate production by the glycolytic 
pathway. Consequently, any increase in the rate of pyruvate oxidation 
would require the activation of mitochondrial pyruvate transport or 
pyruvate dehydrogenase by factors other than a simple increase in the 
substrate concentration. As Ca 2+-ions have been implicated in the acti-
vation of pyruvate dehydrogenase from various tissues (Denton et al., 
1972; Mukherjee and Jungas, 1975; Schuster and Olson, 1974), it is poss-
2+ ible that the rise in cytoplasmic Ca brought about by concanavalin-A 
(Parker, 1974; Freedman et al., 1975) or A23187 (Luckasen et al., 1974; 
Maino et al., 1974) may be a sufficient stimulus to cause the increased 
14C02 production from [6- 14C]-glucose that we have observed in whole cells. 
In order to test this hypothesis, it was necessary to isolate 
intact and uncontaminated mitochondria from both spleen and thymus. 
Since relatively little attention has been paid in the past to the isola-
tion and characterization of mitochondria from lymphoid tissues, some of 
their special properties have been studied prior to testing the effect of 
C z+ .d . a · on pyruvate oxi at1on. 
Fig.2.4 Effect of EGTA in the isolation medium 
on spleen mitochondrial oxidation 
Rat spleen mitochondria were isolated as described in the text, except 
that EGTA was present at different concentrations in the isolation medium as 
given in the Fig. ADP/0 and the respiratory control ratios (R.C.R.) were det-
ermined from state-3 and state-4 respirati on rates as described in the text, 
using pyruvate (3mM) and malate (O.SmM) as the respiratory substrates. 
The results represent an average of 
duplicate experiments. 
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2.4.5 Isolation of mitochondria 
2.4.5.1 Medium of choice for the isolation of mitochondria 
Attempts were made initially to isolate intact, well-coupled 
mitochondria from spleen and thymus tissues using the method of Johnson 
and Lardy (1967). This method, originally described for liver, employs an 
iso-osmotic sucrose medium buffered at pH 7.4. The mitochondria from both 
thymus and spleen gave very low state-3 respiration rates associated with 
NAO-linked substrate oxidation (e.g., pyruvate plus malate, citrate and 
3-hydroxybutyrate) and did not respond to ADP addition (results not shown). 
Even the uncoupler, CCCP, failed to stimulate state-3 respiration. However, 
these mitochondria were able to oxidize succinate (as indicated by the 
onset of rapid state-3 respiration on addition of ADP) but this was 
associated with very low respiratory control ratios. 
When an iso-osmotic KCl (0.16M) medium was used instead of sucrose, 
as described for the isolation of skeletal muscle mitochondria (Azzone and 
Carafoli, 1960), the coupled state and the oxidative behaviour of the 
lymphoid tissue mitochondria were not improved. 
2.4.5.2 Effect of EGTA and bovine serum albumin on the 
intactness and respiratory behaviour of mitochondria 
Compared with liver, thymus and spleen tissues have a much 
smaller number of mitochondria per cell and per gram wet weight 
(van Bekkum, 1956). Individual mitochondria are more likely to become 
heavily loaded with the Ca2 + that is liberated during tissue homogenization 
in this case, with a consequent inhibition of their oxidative functions. 
A strong Ca2 +-chelating agent (EGTA) was included in the modified isolation 
medium to prevent excessive Ca2 + loading during homogenization. Fig. 2.4 
shows that the addition of at least 1.0mM EGTA was essential to obtain 
well-coupled spleen mitochondria. With 5.0mM EGTA in the isolation 
medium, the mitochondria gave high respiratory control and ADP/0 ratios. 
Fig.2.5 Effect of P. on spleen mitochondrial oxidation 
1 
Details of measurement of mitochondrial respiration are given 
in the Methods section, except t'. at varying concentrations of P. were 
1 
added to give the final concentrations shown in the Fig. ADP/0, resp-
iratory control ratios, state-3 and state-4 respiratory rates were 
determined as described in the text. 
The results represent an average of 
duplicate experiments. 
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The quality of the mitochondria, as assessed by these two 
parameters, showed further imporvement when 1.0% (w/v) bovine serum 
albu~in was included in the isolation medium (results not shown). Similar 
results were obtained with thymus mitochondria. 
2.4.5.3 Tissue homogenization and mitochondrial yield 
Homogenization of the tissue is a critical factor in obtaining 
well-coupled, intact mitochondria at a satisfactory yield. Initially, 
' thymus or spleen tissues were minced coarsely with scissors and then 
homogenized with six up-and-down passes, of a motor-driven Potter-Elvehjem 
tissue homogenizer as described for liver. Under these conditions the 
mitochondria were heavily damaged and gave very low respiratory control 
ratios. On the other hand, when the tissues were homogenized with only 
two up-and-down passes, well-coupled mitochondria, as evidenced by high 
respiratory control and ADP/0 ratios, were obtained. Furthermore, in 
both cases, satisfactory yields (6-9mg mitochondrial protein/g fresh 
weight of spleen and 8-12mg mitochondrial protein/g fresh weight of 
thymus) were obtained. 
No attempt was made to resuspend and re-extract the nuclear 
pellet (650 x g pellet) to increase the mitochondrial yield as this might 
have introduced unwanted contamination. 
2.4.6 Standardisation of the incubation medium to obtain maximum 
phosphorylation efficiency during mitochondrial oxidation 
2.4:6.1 Effect of P. on mitochondrial respiratory activity 
1 -
In the absence of P. the respiratory rate of lymphoid tissue 
1 
mitochondria (from both spleen and thymus) failed to respond to ADP in 
the presence of an oxidizable substrate (e.g., pyruvate). Fig. 2.5 shows 
that at least lOmM P. must be present in the incubation medium to obtain 
1 
Fig.2.6 Effect of mitochondrial protein concentration on rat 
spleen and thymus mitochondrial oxidations 
Details of measurement of ~: tochondrial respiration are as given 
in the text, except that different concentrations of mitochondrial protein 
were added to give the final concentrations shown in the Fig. State-3 and 
state-4 respirat·on rates were calculated as described in the text. 
The results represent an average of 
duplicate experiments. 
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Fig.2.7 Ability of mitochondria from spleen and thymus to oxidize NADH 
Details of the measurement of mitochondrial respiration are given 
in the Methods section. Excess ADP was added to deplete endogenous substrates 
and the respiration associated with their oxidation. ADP (lOOµM), NADH 
( lmM) , and succinate (2mM) were added as indicated in the Fig. 
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the maximum response to ADP addition when using spleen mitochondria. 
Mitochondrial substrate oxidation is then well-coupled to ATP synthesis 
as indicated by high ADP/0 and respiratory control ratios. Increasing 
the concentration of P. beyond lOmM did not influence the mitochondrial 
1 
oxidative functions further. Based on these findings, lOmMP. was used 
1 
in the reaction mixture in all subsequent experiments. Essentially similar 
results were obtained with thymus mitochondria (results are not shown). 
2.4.6.2 Effect of mitochondrial protein concentration on 
ADP-stimulated respiration 
When mitochondrial protein from both thymus and spleen was added 
at very low concentrations (<O.Smg), the rapid state-3 respiration normally 
associated with ADP addition was not observed (Fig. 2.6). Furthermore, 
the state-3 to state-4 transition that normally occurs after the exh-
austion of added ADP was not seen clearly. At least 0.8-1.0mg of 
mitochondrial protein must be present to obtain a distinct stimulation 
in state-3 respiration in response to ADP addition (F~g. 2.6). 
2.4.7 Capacity of lymphoid tissue mitochondria 
to oxidize various substrates 
2.4.7.1 Inability of mitochondria from both thymus and 
spleen to oxidize exogenous NADH 
In the absence of oxidizable substrates, addition of ADP caused 
a small stimulation of the state-3 respiration which was presumably due 
to the oxidation of endogenous substrates. When NADH was added (after 
treating the mitochondria with excess ADP to deplete endogenous substrates) 
there was no stimulation of state-3 respiration which could, however, be 
induced with succinate . (Fig. 2.7). The inability of mitochondria from 
both spleen and thymus to oxidize exogenous NADH resembles that of 
Fig.2.8 Ability of spleen mitochondria to oxidise long-chain 
fatty acids 
Details of the measurement of mitochondrial respiration are 
given in the text. ADP (lOOµM), palmitate (lOOµM), carnitine (2mM), 
palmityl-carn·t ine (SOµM) and coenzyme-A (O.SmM) were added in sequence 
as indicated in the Fig. 
(a) 
no substrate 
l ADP 
i 200[ 
g> 0 
(b) 
palmityl 
camitine 
0 1 
min 
(c) 
palmn:ate + 
carnitine + 
CoASH 
! 
camitine 
--.I 
Fig.2.9 Effect of malate on pyruvate oxidation by rat spleen and thymus 
mitochondria 
Details of the measurement of mitochondrial respiration are given in 
the text. ADP (lOOµM), pyruvate (3mM) malate (O.SmM) were added as indicated 
in the Fig. 
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other mammalian mitochondria (except those from heart) which have a 
permeability barrier to pyridine nucleotides at the inner mitochondrial 
membranes. 
2.4.7.2 Oxidation of palmitate: effect of 
carnitine and coenzyme-A 
Rat lymphoid tissue (spleen and thymus) mitochondria are capable 
of oxidising long-chain fatty acids and their carnitine derivatives under 
appropriate conditions. When palmitate (lOOµM) was the sole added sub-
strate, the respiratory stimulation following ADP addition was found to 
be sluggish (Fig. 2.8a). However, addition of carnitine (2mM) induced 
a rapid stimulation of state-3 respiration. In subsequent experiments 
when either palmityl-carnitine (SOµM) (Fig. 2.8b) or palmitate plus 
carnitine plus coenzyme-A (Fig. 2.8c) were preincubated with spleen 
mitochondria, a fast and immediate response to ADP addition was observed. 
Similar observations we;re ,r,ul '. e 1111 i th thymus mitochondria (results not 
shown). These findings suggest that the conventional carnitine acyl-
transferase-mediated fatty acid transporting system (Ramsay and Tubbs, 
1976) is present in the inner membranes of spleen and thymus mitochondria 
as it is in other tissues that utilise fatty acids as an energy source 
(e.g., heart, liver). 
2.4.7.3 Oxidation of pyruvate: effect of malate 
In the absence of added malate, the oxidation of pyruvate by 
spleen and thymus mitochondria was a slow reaction that failed to give 
a cyclical stimulatory response to ADP addition (Fig. 2.9). On the 
other hand, when catalytic amounts of malate (0.SmM) were added, a 
reproducible cyclical stimulation of the state-3 respiration rate was 
observed (Fig. 2.9), indicating that a source of oxaloacetate is essential 
Fig.2.10 K and V for pyruvate oxidation by rat spleen 
-m-----max 
mitochondria 
Details of the measurement of mitochondrial respiration are given 
in the te~t. Pyruvate was added to give various final concentrations in 
the medium as shown in the Fig. State-3 respiration rates are plotted 
against pyruvate concentrations as indicated in Fig.~~a; the same values 
are plotted in the double-reciprocal plot in Fig.~~b. The values of 
Km and Vmax were calculated as described by Dixon and Webb (1964). 
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Substrates 
Pyruvate (3mM) plus 
malate (0.5mM) 
a-oxo glutarate ~mM) 
plus malate (0.5mM) 
Succinate (2mM) 
Malate (3mM) 
Glutamate (3mM) 
Citrate (2.SmM) 
Palmityl-carnitine 
(50µM) 
Furna.rate (3mM) 
Ascorbate (5mM) 
plus TMPD (lmM) 
Ascorbate (5mM) 
Table 2.5 
Ability of mitochondria from spleen and thymus to oxidize various substrates 
Mitochondrial respiration was measured as described in the text. 
Substrates were added to give final concentrations as indicated in the Table. 
RCR and ADP/0 ratios are calculated as described in the text. 
SPLEEN THYMUS 
ng atom 0/min/mg ng atom 0/min/mg 
ADP/0 RCR State-3 State-4 ADP/0 RCR State-3 State-4 
2.89 5 .96 62.1 10.42 2.8 5.01 52.1 10.39 
2.8 6.1 68.4 11.04 2.6 4.03 49.6 12.3 
1.81 5.9 91. 5 15.5 1. 7 3.8 80.76 21.2 
2.81 3,3 50.6 15.4 2.4 3.3 36.3 11.2 
2 .91 7.6 85.9 11.4 
2.8 4.5 88.8 19.9 2.5 2.7 46.4 17.7 
2.6 5,8 82.4 13.8 
2.3 3.9 48.6 12.6 2.41 3.61 41.8 11.6 
0.81 2.6 68.9 26.5 0.61 2.69 64.2 23.8 
0.70 2.1 29.6 11.4 0.52 2.07 21.4 10.33 
'-.I 
c.n 
Fig.2.11 Effect of free Mg 2 + (150).IM) on spleen and thymus 
mitochondrial oxidation 
The incubation medium used is described in the Method section. 
Mg 2 + was added to give a final free concentration of lSOµM as indicated 
in the Fig. ADP (lOOµM), and EDTA (600µM) were added as indicated in 
the Fig . 
control experiment refers to either 
thymus or spleen. 
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to promote the complete oxidation of pyruvate and to prevent t he 
sequestration of the catalytic quantities of coenzyme-A present as non-
metabolizable acetyl Co-A. 
When the effect of increasing the concentration of pyruvate 
(in the presence of O.SmM malate) on ADP-stimulate~ respiration was 
studied, the state-3 respiration rate followed typical Michaelis-Menton 
kinetics (Fig. 2.10). The double reciprocal plot for this reaction 
indicates that the K for pyruvate oxidation by spleen mitochondria 
m 
was 4.lµM; and the V was 83.3 nmoles of 0 2/min per mg protein. The max 
pyruvate concentration was always fixed at 3.0mM when mitochondria from 
either spleen or thymus were used in subsequent experiments. 
. -
2.4.7 .4 Oxidation of a variety of other substrates 
. . 
The ADP~stimulated rate of 02 consumption was greatest with 
succinate, palmityl-carnitine, citrate and glutamate; and was rel~tively 
. . 
rapid with pyruvate, a-oxo-glutarate and tetramethyl-p-phenylenediamine 
. -(TMPD)-ascorbate (Table · 2 .5). · Furnarate, malate and the- other substrates 
. - . . 
tested were metabolised less rapidly, while ascorbate was oxidised poorly. 
Respiratory control ratios were generally in the range of 4.0 to 12.0 
with most of the NAO-linked substrates (e.g., pyruvate) while lower 
respiratory control ratios (2.0 to 3.0) were observed with the ascorbate-
TMPD system. 
2.4.8 Effect of Mg 2+ on mitochondrial oxidation 
When spleen and thymus mitochondria were incubated in a reaction 
medium containing no added Mg 2+ ions, they were tightly coupled, giving 
an ADP/0 ratio of 2.9 and a respiratory control ratio of about 8.0 for 
pyruvate oxidation (Fig. 2 . lla). In the case of spleen mitochondria, 
addition of free Mg 2+ (>lSOµM) prolonged the state-3 respiration rate 
(Fig. 2.llb) which returned to state-4 only after the addition of excess 
F.ig. 2.12 Effect of varying free Mg 2 + concentration on rat 
spleen and thymus mitochon~rial oxidation 
Details of the measurement of mitochondrial respiration are 
given in the text. Mg 2 + was added . to give different final -free concen~ 
trations as -shown in -the Fig. ADP (lOOµM) was added to stimulate -respir-
ation using pyruvate (3mM) plus malate (O.Sf:lM) _as the substrates. State- 3 
and state-4 respiration -rates and ADP/0 ,and respiratory control ratios were 
calculated as described in the text~ 
The results represent an average of 
duplicate experiments. 
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EDTA (600µM). EDTA also restored the cyclical response to ADP addition. 
In contrast, addition of the same amount of Mg 2 + to thymus mitochondria 
under identical conditions did not change their respiratory status 
except that a small stimulation of the state-4 respiration rate occurred 
(Fig. 2.llc). 
Further attempts were made to study systematically the effect 
of a wide range of Mg 2 + concentrations on the "tightness" of coupling 
of mitochondria oxidising pyruvate plus malate. At low concentrations 
(<20µM), free Mg 2 + increased the respiratory control and ADP/0 ratios 
in mitochondria from both spleen and thymus (Fig. 2.12), by causing a 
small decrease in the state-4 and a small increase in the state-3 
respiration rate. The effect of Mg 2 + on state-3 respiration, although 
consistent, was not significant even at higher concentrations. 
In spleen mitochondria (Fig. 2.12) both the respiratory control 
and ADP/0 ratios decreased when the free Mg 2 + concentration exceeded 
20µM, and this could be- attributed to a significant stimulation of the 
state-4 rate. This rate continued to increase in response to Mg 2 + until 
the mitochondria were completely "uncoupled" at concentrations of free 
Mg 2+ above lSOµM. 
In contrast to the situation with spleen, the oxidative functions 
of thymus mitochondria were not significantly affected in the lower range 
2 + . 
of Mg concentrations. However, at higher concentrations of Mg 2 + 
(>1.0mM) there was a mild stimulation of state-4 respiration which res-
ulted in both the ADP/0 ratio and the respiratory control ratio being 
slightly lowered (Fig. 2.12). The effects of Mg 2 + on thymus mitochondria 
even at 3.0mM, were not comparable with those observed with spleen. 
The contrasting responses of spleen and thymus mitochondria 
to Mg 2 + addition suggests that there is a Mg 2 +-dependent, ATPase-like 
activity that continuously regenerates ADP situated externally to the 
Fig. 2.13 Effect of varying free Ca 2 + concentration on 
rat spleen and thymus mitochondrial oxidation 
Details of this experiment are similar to that described in 
Table 2.12, except that EGTA (lmM) was present in the incubation medium 
instead of EDTA (lmM), and Ca 2 +, instead of Mg 2 +, was added to give diff-
erent final, free concentration in the medium, as given in the Fig. 
The results represent an average of 
duplicate experiments. 
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Fig.2.14 Effect of rotenone and high free Ca 2 + (SOnM) on rat spleen 
mitochondrial oxidation 
Details of the measurement of mitochondrial respiration are given 
in the text. Pyruvate (3.0mM), malate (O.SmM) , succinate (2.0mM), ADP 
(lOOµM), free Ca 2 + (SOnM), rotenone (lOOµM), CCCP (400µM), ascorbate (SmM) 
and TMPD (lmM) were added as indicated in the Fig. 
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EDTA-accessible space in intact spleen mitochondria that is absent 
from the thymus or present at only low activity. This question will 
be considered in detail in Chapter III. 
2.4 .9 Effect of Ca 2 + on mitochondrial oxidation 
The experiments described so far have been performed with a 
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view to optimi zing the conditions for a study of the effects of added 
Ca 2 + on the oxidation of pyruvate by spleen and thymus mitochondria. 
Fig . 2.13 shows that the state-3 respiration accompanying the oxidation 
of pyruvate plus malate was significantly stimulated (30-40%) by Ca 2 + 
when its free concentration in the incubation medium was between O and 
25nM . 2+ At higher concentrations of free Ca (25-40nM) much less 
stimulation of state-3 respiration was observed, until it completely 
2+ 2 + dd. . disappeared at SOnM. In contrast to Mg , Ca a 1t1on did not have a 
measurable stimuiatory effect on the state-4 respiration of spleen and 
thymus mitochondria (see Fig. 2.12 also). The results of these experiments 
establish a narrow range of free extramitochondrial Ca 2 + concentrations 
that are potentially stimulatory for pyruvate oxidation. 
The effect of Ca 2 + in the same concentration range was studied 
on the phosphorylation efficiency of both types of mitochondria. Fig. 
2.13 indicates that the effect of free Ca 2 + at low concentrations was 
comparable to that found earlier with low Mg 2 + concentrations (see also 
Fig. 2.12). When the free Ca 2 + concentration was increased from 0-25nM, 
there was a progressive improvement in the respiratory control and ADP/0 
ratios (Fig. 2.13). However, the phosphorylation efficiency began to 
2+ decline when the concentration of free Ca increased beyond 25nM; at 
SOnM free Ca 2 + both the respiratory control and ADP/0 ratios fell 
dramatically to very low levels (Fig . 2 .13). 
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Table 2.6 
Effect of 20nM free Ca 2 + on substrate oxidation by 
rat thymus and spleen mitochondria 
Mitochondria were incubated and oxygen consumption was measured as des-
cribed in the Methods section. Substrates were added to give the final 
concentrations given in this Table. Results represent the state-3 res-
piration rate in ng atoms oxygen/min/mg protein± S.E.M. (3 experiments, 
where appropriate). 
SUBSTRATES SPLEEN THYMUS 
Pyruvate (3 . 0mM)} 62.2±8.2 52 .1±4 .6 Malate (0. 5mM) 
+ Ca 2 + 
.91. 3±5 .6 74 .8±6 .2 
a -oxo ~lutarate (2. 5mM) 68.4±4.9 49.6±3.9 
+ Ca 81.8±9. 8 69.8±7.6 
Succinate (2. 5mM) 91.5±8. 9 80.76 
+ Ca 2 95.2±6.7 87.22 
Ma late p. OmM) 50.6 36. 3 
+ Ca 2 48.3 41.2 
Citrate (3.0mM) 88.8 46.4 
+ Ca 2 + 92.1 48.2 
Glutamate (3 .OmM) 85.9 
+ Ca 2 86.5 
Palmityl 101. 7 
Carnitine (50µM) 98.3 
+ Ca 2 + 
2 + 2+ When 600µM Ca (free Ca = SOnM) was added to either spleen 
or thymus mitochondria, it blocked the initiation by ADP of state-3 
respiration associated with pyruvate plus malate oxidation and this 
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effect could not be reversed by adding EDTA (Fig. 2.14). Under these 
conditions, the oxidation of other NAO-linked subs_trates (e.g ., glutamate, 
3-hydroxybutyrate) was also inhibited (results not shown); as the 
addition of an uncoupler (e.g., CCCP) failed to stimulate respiration 
(Fig . 2.14), the effect of Ca 2 + on substrate oxidation is most likely 
b d 2+ to e ue to the sequestering of free NADH to form a Ca -NADH complex 
in the mitochondrial matrix (Chance, 1965; Vinogradov et ai., 1972). 
In contrast to the results with NAD-linked substrates, the addition of 
either succinate (Fig . 2.14) or ascorbate-TMPD (Fig. 2.14) was able to 
stimulate rapid state-3 respiration in the presence of 600µM Ca2 +. The 
similarity of the effect of adding high Ca 2 + (Fig. 2.14) or rotenone 
(Fig . . 2.14) on subsequent NAO-linked substrate oxidation gives additional 
support to the view that Ca 2 + accumulation prevents the oxidation of 
NADH. These results indicate that concentrations of free Ca2 + in excess 
of SOnM are "toxic" to lymphoid tissue mitochondria at least with respect 
to the oxidation of NAD-linked substrates. 
In order to test whether the stimulatory effect of low Ca 2+ 
concentration (20nM) was specific for pyruvate oxidation, the oxidation 
of a number of other oxidizable substrates was studied. Table 2.6 shows 
that the oxidation of neither NAO-linked substrates (e.g., citrate, 
glutamate or malate) nor FAD-linked substrates (e.g., succinate) was 
stimulated by 20nM free Ca 2 + in mitochondria from either spleen or thymus. 
On the other hand, the results show clearly a significant stimulation 
(30-40%) of the state-3 respiration rates associated with the oxidation 
of the two a-oxo acids, pyruvate (plus malate) and a-oxo-glutarate when 
mitochondria from either thymus or spleen were incubated with Ca 2 +. 
Fig. 2.15 Time-course of [I- 14C]-pyruvate oxidation by 
rat spleen mitochondria 
Details of [I- 14 C]-pyruvate oxidation (i.e., 14C02 collection) 
are as gi,en in the te xt, except that no Ca2+ was present in the reaction 
mixture a1:d the reaction was terminated at the time intervals, shown in 
the Fig. The results represent an average of duplicate experiments. 
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Details of the experiment are given in the Methods section. 
Ca 2 + was added to give different final free concentrations as given in 
the Fig. The results represent an average± S.E.M. of three experiments. 
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2.4.10 Effect of Cc 2 +-ions on 
[I- 14C]-pyruvate oxidation 
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In oder to show more directly whether Ca 2 + ions are capable of 
stimulating the oxidation of pyruvate, 14C0 2 production during (I- 14c)-
pyruvate oxidation by mitochondria from both spleen and thymus was 
measured. The reaction medium was identical with that used in the 
oxygen-electrode experiments. Fig. 2.15 shows that 14C0 2 production 
under these experimental conditions was linear for about 10 minutes, 
which indicates that the presence of ADP (5mM) in the reaction medium 
did not inhibit the oxidation of pyruvate. This is in agreement with 
observations made by Wieland and his co-workers using adipose tissue 
mitochondria (Jagow et al.j 1968). 
Fig. 2.16 shows that 14C02 production was increased significantly 
(by 30-50%) in the presence of Ca2+ (0-40nM) when either spleen or 
thymus mitochondria were used. As observed with the oxygen-electrode 
experiments (Fig. 2.141 the 14C02 production was almost completely 
suppressed by Ca2+ when its concentration reached 50nM and higher 
(Fig. 2.16). These findings establish, at least in vitro, an upper 
limit to the Ca 2+ level that lymphoid tissue mitochondria can tolerate 
without irreversible changes occurring to their function and morphology. 
2.5 DISCUSSION 
2.5.1 Is 14C0 2 production due to the specific activation 
of [U- 14C]-glucose oxidation via pyruvate? 
Addition of concanavalin-A or A23187 increases the production of 
14 C0 2 from the oxidation of either [U- 14C]- or [6- 14 C]- glucose by 30-40 
percent, which suggests that the 14 C02 originates from the oxidation of 
glucose via pyruvate rather than from the oxidative segment of the pentose 
phosphate pathway (see Table 2.1 and 2.4). Secondly, addition of aceto-
88 
acetate does not affect the stimulation of glycolysis by concanavalin-A 
as shown by the large flux of glucose to lactate observed in its presence 
(see Table 2 . 3). On the other hand, acetoacetate strongly inhibits 
14C02 production during [U- 14C]-glucose oxidation (Table 2.3) and is 
therefore, when the two substrates are oxidized together, the preferred 
fuel of respiration (Table 2.3). An increased steady-state concentration 
of mitochondrial acetyl-CoA associated with acetoacetate oxidation could, 
in principle , inhibit the oxidation of pyruvate, as acetyl-CoA is a 
potent end-product inhibitor of pyruvate dehydrogenase (Randle et al . , 
1974; Severson et al., 1977). These observations indicate that the 
increased production of 14C02 observed during concanavalin-A stimulation 
is due to the specific activation of [U- 14C]-glucose oxidation via pyruvate . 
2.5.2 Factors possibly involved in the stimulation 
of the oxidation of pyruvate to CO2 
2.5.2.1 Effect of pyruvate concentration 
The steady-state concentration of pyruvate, which has been 
estimated to be about 81±6 nmoles of intracellular water in the freeze-
clamped spleen and 89±31 nmoles/ml of intracell~lar water in thymus 
(Suter, 1973; Hickman, 1974), is enhanced 4- to 5-fold during the oxidation 
of [U- 14C]-glucose (5.0mM) by cells which have been treated with concan-
avalin-A or A23187 (Table 2.1). Since the K for pyruvate oxidation by m 
spleen mitochondria is only 4.lµM (see Fig 2.10), the prevailing metabolic 
steady-state concentration of pyruvate both before and after stimulation 
would be sufficient to saturate the enzyme that oxidises pyruvate to 
acetyl-CoA and CO 2 (i.e . , pyruvate dehydrogenase). However, the oxid-
ation of glucose carbon to CO2 via pyruvate increased by only 30-40%, 
which suggests that the increase in pyruvate oxidation is dependent on 
factors other than a rise in substrate concentration. This observation 
is consistent with the view that pyruvate dehydrogenase is a low activity, 
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non-equilibrium enzyme in lymphoid tissues (Suter, 1973) 
2.5.2.2 Effect of Ca 2 + 
Arguments for and against the involvement of Ca 2 + in the trans-
formation of lymphocytes have been presented in chapter 1. The results 
presented in Fig. 2.2 show that both concanavalin-A and A23187 increase 
the permeability of the plasma membrane to Ca2 +. Together, these observ-
ations support the view that a small increase in cytoplasmic Ca 2 + is a 
signal for the early metabolic events associated with lymphocyte trans-
formation (see also Freedman et al ., 1975; Yasmeen et al ., 1977; Jensen 
and Rasmussen, 1977; Whitesell et al ., 1977; Hesketh et al., 1977). If 
2+ Ca does play a role in lymphocyte transformation, it is worth considering 
whether there is a direct causal relationship between the observed increase 
in Ca 2 + uptake (Fig. 2.2) and the increase (30-40%) in the oxidation of 
glucose carbon to CO 2 (Table 2 .1). Having established that 1 qC0 2 production 
from [U- 1 qC]-glucose occurs via pyruvate oxidation, it is possible that 
Ca2+ activates this process by: (i) stimulating pyruvate transport across 
the inner mitochondrial membrane; or (ii) by enhancing the activity of 
pyruvate dehydrogenase. 
Recent observations by Foldes and Barritt (1977) indicate that 
the addition of extramitochondrial Ca 2 + (50 nmoles/mg) is inhibitory 
h 2+ . for pyruvate translocation into (liver) mitochondria. Te Ca concentration 
used in their experiments, however, seems to be very .high compared with 
estimates of cytoplasmic free Ca 2 + which place the level in the range of 
10- 5 to 10- 7M (Naninga, 1961; Borle, 1967; Rasmussen and Nagata, 1970). 
Since only a small increase in total Ca 2 + uptake (1.2 fold) is observed 
during lymphocyte stimulation (Fig. 2.2; see also Freedman et al ., 1975), 
it is unlikely that the extramitochondrial concentration of Ca 2 + (i.e., 
cytoplasmic Ca 2 +) rises to the extent used in vitro by Foldes and Barritt 
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(1977). Their observations do not exclude the possibility that low 
2+ . . h Ca concentrations may stimulate t e transport of pyruvate across the 
mitochondrial membrane. 
The activity of mitochondrial pyruvate dehydrogenase is believed 
to be controlled by the interconversion of active (dephosphorylated) and 
inactive (phosphorylated) forms of the enzyme (Linn et al., 1969a, b; 
Denton et al., 1975). Studies on pyruvate dehydrogenase phosphate 
phosphatase have shown that Ca 2 + may lower the K of the enzyme for its 
m 
substrate, leading indirectly to the activation of pyruvate dehydrogenase 
(Denton et al., 1975); or Ca 2 + may increase the binding of the phosphatase 
to the pyruvate dehydrogenase complex and thereby increase the amount 
of the active (dephospho) form. An increase in pyruvate oxidation in 
response to added Ca 2 + has been observed -in isolated mitochondria from 
a number of tissues (Fisher et al ., 1973; Schuster and Olson, 1974; 
Foldes and Barritt, 1977), but there has been no previous indication of 
f C 2+ . C 2+ the extreme sensitivity of this process to low ree a in a a -
buffered system, as reported in the present work (Fig. 2.13). 
The inhibitory effects of Ca 2 + on the oxidation of NAO-linked 
substrates at concentrations above 50nM is very _similar to that exerted 
by rotenone (Fig. 2.14), and may be related to the formation of Ca 2 +-NADH 
complexes within the mitochondrial matrix (Chance, 1965). More importantly 
from a physiological point of view, the results suggest that there is an 
upper limit of 50nM for the free Ca 2 + concentration in the cytosol, beyond 
which there is irreversible damage to mitochondrial function. The results 
are consistent with the proposal that concanavalin-A and A23187 activate 
cellular pyruvate oxidation by increasing the concentration of free Ca 2 + 
in the cytosol. 
2.5.3 Distinctive properties of rat spl~en 
and thymus mitochondria 
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When mitochondria are isolated from rat thymus and spleen in a 
medium containing only sucrose (250mM) and Hepes buffer (lOmM; pH 7.4), 
they fail to oxidise NAD+-linked substrates (e.g., glutamate, pyruvate 
plus malate). However, when they are isolated in the same medium supp-
lemented with EGTA, the mitochondria are well-coupled and capable of 
oxidising most of the added substrates (Table 2.5). The absolute require-
ment for EGTA seems to be a special property of only spleen and thymus 
tissues, since mitochondria from tissues like liver and heart, that are 
capable of oxidising most NAO-linked substrates, can be prepared in 
isotonic sucrose alone. The addition of lmM EGTA simply improves the 
mitochondrial quality. The differential requirement for EGTA in the 
isolation media can be explained in the following way. Rat spleen and 
thymus tissues, which partly depend on glycolysis for their energy supply 
(see Suter and Weidemann, 1975; 1976) are characterised by a very low 
mitochondrial content per cell (van Bekkum, 1956) compared with highly-
active tissues like heart (Munn, 1976). Since a large amount of membrane-
bound Ca 2 + is likely to be released during tissue homogenization, the few 
mitochondria that are liberated from the lymphoid tissues will become 
heavily loaded with Ca 2 +-ions if a suitable Ca 2 +-chelating agent is not 
present in the medium. Furthermore, these mitochondria, unlike those of 
liver, have a very low tolerance for Ca 2 + especially during NAD+-linked 
substrate oxidation (see Fig.2.14). Taken together, these two observ-
ations explain the absolute need for a suitable Ca 2 +-chelating agent 
(e.g., EDTA or EGTA) in the isolation medium to obtain well-coupled, 
respiring mitochondria from lymphoid tissues. 
The quality of these mitoch~ndria, as defined by their high 
respiratory control ratios, was found to be improved when bovine serum 
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albumin (1% w/v) was included in the isolation medium. This may be due 
to the ability of bovine serum albumin to stabilize the mitochondrial 
membranes during homogenization and to bind the long-chain fatty acids 
released as a result of phospholipase activation. 
Lymphoid tissue mitochondria appear to require an unusually 
high concentration of P. in the incubation medium (about 7-lOmM; see 
l 
Fig. 2 .4), unlike other tissue mitochondria (e.g., liver and heart) which 
have a K for P. of O.SmM. It has been suggested that high concentrations 
m 1 
of P. may stimulate ATP synthase activity (Ebel and Lardy, 1975; Mitchell 
l 
and Moyle, 1969) and thus promote active oxidative phosphorylation. More 
simply, P. could be required in the phosphorylation process itself, to 
l 
form ATP from ADP , or in the dicarboxylate exchange reactions (e.g., 
malate - P. exchange; McGivan and Klingenberg, 1971), but the exact 
.l 
reason is not clear. The other striking observation with lymphoid tissue 
• • • 2 + 
mitochondria is the ability of bivalent metal ions, expec1ally Mg , to 
interfere with the oxidative reactions themselves. This phenomenon, and 
its underlying basis, will be discussed in the following Chapter. 
CHAPTER 3 
LOCATION OF AN OLIGOMYCIN-INSENSITIVE AND MAGNESIUM PLUS CALCIUM ION-
STIMULATED ADENOSINE TRIPHOSPHATASE IN RAT SPLEEN MITOCHONDRIA 
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CHAPTER 3 
LOCATION OF AN OLIGOMYCIN-INSENSITIVE AND MAGNESIUM PLUS CALCIU1 ION-STI _ 
MULATED ADENOSINE TRIPHOSPHATASE IN RAT SPLEEN MITOCHONDRIA 
3 .1 INTRODUCTION 
The results presented in Chapter II indicate that mitochondria 
isolated from spleen and thymus have many common properties: a require-
ment for EGTA in the isolation medium; the preferential oxidation of 
particular substrates; and their response to metal ions such as Ca 2+. 
Nevertheless, a striking difference exists between them in the degree 
to which substrate oxidation and the phosphorylation of ADP are coupled 
+ in the presence of Mg 2 • Thymus mitochondria, for instance, resemble those 
of rat liver in the sense that state-4 respiration and the associated 
respiratory control ratios are hardly influenced by the addition of Mg 2+ 
at low concentration (<150µM) (see Chapter II, Fig. 2.11; also Chance 
and Williams, 1956). In contrast, the state-4 respiration of spleen 
+ 
mitochondria is highly sensitive to Mg 2 ions and is stimulated dramatic-
+ • 
ally at free concentrations as low as 150l-,M Mg 2 (see Fig 2.11); the 
respiratory control ratio falls to 1.0 under these conditions, indicating 
that the phosphorylation efficiency is very low (ADP/0 ~ O). In this 
respect spleen mitochondria resemble those isolated from guinea ni~ heart 
(Cleland and Slater, 1953: Chance and Baltschfskv. 1958: Chao and Davis. 
1972), rat kidnev-cortex (Gmaj et al . , 1974) and rat cerebrai-cortex 
(Sugano and Nagai, 1971). These findings suggest that there is a Mg 2 +-
stimulated ATP-hydrolyzing reaction in the EDTA-accessible space of rat 
spleen mitochondria that continuously regenerates ADP. The work described 
in this Chapter is aimed at defining the nature and submitochondrial 
location of this reaction. 
The existence of several ATPases in whole mitochondria or in sub-
mitochondrial particles has been suggested by several workers on the basis 
of indirect evidence such as differential sensitivity to inhibitors 
(Hemker, 1963). Ohnishi and Ohnishi (1962) have extracted an ATPase 
from rat liver mitochondria which resembles actomyosin and appears to 
be different from the Mg 2 +-requiring and 2,4 dinitrophenol-stimulated 
ATPase that was semi-purified by Pullman et al. (1960). Furthermore, 
in rat liver mitochondria, Beyer (1960) has observed that at least two 
different ATPases are released after prolonged ultrasonic radiation. 
There is no conclusive evidence at present for or against the 
presence of more than one type of ATPase in mammalian mitochondria . 
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Two different ATPases from rat spleen mitochondria that can be disting-
uished clearly from one another on the basis of their sensitivity to 
inhibitors, their requirements for added bivalent metal ions and their 
localization within the mitochondria are described in the present chapter . 
3. 2 MATERIALS 
[ 32 P]P. was from the ~ustralian Atomic Energy Commission, Lucas 
1 
Heights, N.S . W., Australia. Digitonin from Sigma Chemical Co . , St. Louis, 
MO, U. S.A. was recrystallized from hot absolute ethanol, dried and ground 
to a fine powder. A stock solution 2% (w/v) was prepared by addint7. warm 
sucrose (0.25M) to the powdered digitonin; it was then cooled to 0°C 
before use . Oligomycin (15% oligomycin-A and 85% oligomycin B) was from 
Sigma . Atractyloside was a gift from Professor E .M. Klingenberg of the 
Institute for Physical Biochemistry, University of Munich, W. Germany. 
Ionophore A23187 was from Lilly Research Laboratories, Indianapolis, 
IN . , U. S.A. CaC1 2 of the highest purity obtainable was from Orion 
Research Inc . , MA, U.S.A. All other chemicals used were of analytical 
grade . 
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3.3 METHODS 
3.3.1 Isolation of mitochondria 
Mitochondria from rat spleen and thymus were isol ated as desc-
ribed in Chapter II . Mitochondria from rat skeletal muscle were isolated 
in iso-osmotic KCl medium by the method of Azzone and Carafoli (1960); 
and mitochondria from other rat tissues were isolated in iso-osmotic 
sucrose by the following methods: liver and kidney (Johnson and Lardy, 
1967); heart (Cleland and Slater, 1953); brain (O zawa et al., 1966); and 
lung (Fischer e t al . , 1973). 
3 . 3.2 Measurement of mitochondrial respiration 
Mitochondrial respiration was measured with the Clarke-type oxygen 
electrode (Reed, 1972), as described in Chapter II. Mitochondrial protein 
was estimated as described in Chapter II. 
3.3.3 Depletion of bivalent metal ions from rat lymphoid tissue mitochondria 
by treatment with ionophore A23187 
Intact rat lymphoid tissue mitochondria (spleen, 4.0mg; thymus, 
2.8mg) were depleted of endogenous bivalent @etal ions by incubation in 
a medium containing sucrose (0.25M), Hepes buffer (20mM; adjusted with 
2M KOH to give pH 7.4), EDTA (2 m1) and A23187 (0.5runol/mg of mitochondrial 
protein) for 5 min at 0°C, in a final volume of 2. 0ml, as described by 
Reed and Lardy (1972). At the end of the incubation period, the solution 
was centrifuged at 8500 x g for 15 minutes to sediment the mitochondrial 
pellet. The pellet was resuspended in 2.0ml of a solution containing 
sucrose (0 . 25M), bovine serum albumin (1% w/v) and Hepes buffer (20mM; 
pH 7.4) . 
3 . 3 . 4 Digitonin fractionation of mitochondria 
Different fractions of spleen mitochondri a (e.g., outer membrane s , 
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inner membranes etc . ) were prepared by the digitonin fractionation method 
described by Schnaitman and Greenawalt (1968) for r at liver mitochondria. 
The terminology developed by these authors to designate the individual 
fractions was followed. A stock digitonin solution (2%) was prepared 
just prior to use, as described in the Material section. Aliquots 
of ice-cold digitonin solution were added, with continuous gentle stirring, 
to spleen mitochondrial suspensions to give different final concentrations 
of digitonin (0.5 to 2 .5mg per 10mg of mitochondrial protein as given 
in the legends to Fig. 3 .5). The resulting suspensions were stirred 
gently, but intermittently, for 20 minutes at 0°C and then diluted with 
3 vol . of ice-cold iso-osmotic sucrose solution buffered with Hepes 
(50mM; pH 7.4) . The diluted suspensions were homogenized by hand with 
one up-and-down pass of a loosely fitting homogenizer and centrifuged 
at 8500 x g for 15 minutes. The clear supernatant was drawn off carefully 
with a Pasteur pipette, leaving behind the fluffy layer and a negligibly 
small volume of the supernatant . The pellet was not resuspended again 
to extract the residual outer membranes, as this procedure might have 
damaged the mitoplasts and contaminated the supernatant . The pellets 
and supernatants from this step are designated the "low-speed pellet" 
and " low-speed supernatant" respectively. The low-speed supernatant was 
fractionated further by centrifugation at 100,000 x g for 1 hour. The 
pellet and supernatant from this second centrifugation are designated 
the "high-speed pellet" and "high-speed supernatant": 
3.3.5 Assay of enzyme activities 
The f ollowing enzyme assays were carried out with a Zeiss PMQ II 
spectrophotometer equipped with a Beckman recorder . For all assays, 
the reactions were initiated by adding appropriate amounts of enz~ne 
to cuvettes of 1cm light path containing a final assay volume of 3.1ml. 
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For each enzyme, saturating substrate concentrations were chosen to give 
maximum velocities, as described in the literature. The basic assay 
mixture contained the following ingredients; 
(i) for the monoamine oxidase determination (marker enzyme for 
mitochondrial outer membranes, Tabor et al., 1954), monitored 
at 250nm -
benzyl amine-HCl (2.SmM) and phosphate buffer 
+ (K -salt; SOmM; pH 7.6); 
(ii) fo::._. the glutamate dehydrogenase determination (marker enzyme 
for mltochondrial matrix, Schmidt, 1974), monitored at 340nm.-
NADH (0.2mM), ADP (lmM), triethanolamine buffer (SOmM; 
pH 8.0), EDTA (2.SmM), ammonium acetate (lOOmM), lactate 
dehydrQgenase (2.I:U) and 2-oxoglutarate (7.0mM); 
(iii) for the adenylate kinase determination (marker enzyme for the 
inter-membrane space, Bergmeyer et aZ.,' 1974), monitored at 340nm-
glycyl-glycine buffer (70mM; pH 8.0), NADP (0.7SmM), 
glucose (lSmM), hexokinase (10 I.U.), glucose 6-phosphate 
dehydrogenase (0.4 I.U.), KCN (0.4SmM), ADP (3.0mM), 
MgCl2 (S.OmM); 
(iv) for the creatine kinase determination (Forster et al., 1974), 
monitored at 340nm -
imidazole buffer (lOOmM; pH 6.9), glucose (20mM), MgCl2 
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(lOmM), ADP (1. OrnM), AMP (lOmM), NADP (O. 7rnM), creatine 
phosphate (35rnM), hexokinase (1ID./ml), glucose 6-phosphate 
dehydrogenase (1I.U./ml), N-acetyl cysteine (lOmM). 
Because adenylatekinase (EC 2.7.4.3) activity is found 
in the same mitochondrial sub-fraction that contains 
creatine kinase (EC 2.7.3.2), excess AMP (lOm."1) was added 
to inhibit this enzyme (Forster et aZ., 1974). As AMP 
did not inhibit adenylate kinase activity completely, 
the absorbance was first measured in the absence of 
creatine phosphate (which specifically measures adenylate 
kinase activity in all mitochondrial subfractions) and, 
after 2 minutes, creatine phosphate was added to each 
reaction mixture to measure the additional activity due 
to creatine kinase; 
(v) for cytochrom~ oxidase (mitochondrial inner membrane marker 
enzyme) determination the polarographic method of Schnaitman 
et aZ. (1967) was used. The reaction medium contained -
phosphate buffer (75rnM; pH 7.2), cytochrome-c (30µM), 
sodium ascorbate (3.7rnM) and N,N,N' ,N '-tetramethyl p-
phenylene diamine (0.3rnM) in a final volume of 2.0ml, 
at 23°C. The residual cytochrome oxidase activity measured 
after KCN addition was subtracted from the test values. 
(vi) ATP-pyrophosphohydrolase (EC 3.6.1.8) activity was assayed at 
37 °c by the method of Libermann et aZ. (196 7) . The reaction 
medium contained -
Tris-HC1 (50im.l; pH 10. 0), MgCI 2 (5im-1) and ATP ( 4im-1) 
in a final volum~ of 1.0ml; 
(vii) inorganic pyrophosphatase was assayed at 37°C by the method 
of Lowry (1957) except that the P. liberated was assayed as 
1 
described by Dulley (1975). The reaction medium contained -
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veronal buffer (20im-1; pH 7.5), tetrapotassium pyrophos-
phate (2mM), BAL (British Anti Lewsite) (1.6mM) and MgC1 2 
(4mM) in a final volume of 0.1ml; 
(viii) 5~nucleotidase was assayed at 37°C essentially as described by 
Ray (1970), except that the liberation of P., instead of AMP, 
1 
was used as a measure of the activity of the enzyme. The 
reaction medium contained -
Tris-HCl (25mM; pH 7.5), 5' -AMP (5mM) and MgC1 2 (5mM) 
in a final volume of 1.0ml. 
3.3.6 Analytical methods 
Concentrations of the following substances were determined enzym-
atically with a Zeiss PMQ II spectrophotometer using published methods: 
ATP by the method of Lamprecht and Trautschold (1974); ADP and AMP by 
the method of Jaworek et al. (1974). P. was assayed by the modified 
1 
method of Fiske and Subbarow (1925) described by Dulley (1975). 
3.3 . 7 Synthesis of [Y- 32 P]ATP 
[ Y- 32 P]ATP was synthesized by the modification of the method of 
Glynn and Chappell (1964) described by Post and Sen (1967). The synthe-
sized radioactive ATP was checked for purity by the ascending chromato-
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graphic method of Morrison (1968), using DEAE-cellulose paper (Whatmann 
DE-81) and 0.6M ammonium formate buffer (pH 3.1). The results indicated 
that only 0.67% Pi, 0.45% ADP and negligible amounts of AMP were present 
in the [Y- 32 P]-ATP preparation. 
3.3.8 Assay of ATPase activity 
(a) Using intact mitochondria. The reaction medium contained sucrose 
(0.25 M), EGTA or EDTA (l.OmM), Hepes buffer (2SmM; pH 7 .4), MgClz 
(0.9mM, giving a calculated concentration of free Mg 2 + ions of approx-
imately lSOµM), unlabelled ATP (lSOµM) and [y- 32 P]-ATP (3 x 106 d.p.m.) 
in a final volume of 3.0ml. The reaction was started by the addition 
of mitochondria (0.2-0.Smg protein). 
(b) Using the isolated outer membrane preparation. The reaction 
medium used was identical to (a) except that sucrose was replaced by 
water. The reaction was started by addition of the mitochondrial outer 
membrane preparation (40-60µg protein). 
In each case samples ( 200µ 1) here withdrawn from the assay mixture 
at different time intervals (shown in the Legends) and placed in ice-cold 
HCl04 (20µ1 of 1.0 M). The mixture was centrifuged (2 minutes at 5000 x g) 
in an Eppendorf centrifuge to sediment the precipitated protein and an 
aliquot (100µ1) of clear supernatant was neutralised with KOH (10µ1 of 
1.0 M). The labelled inorganic phosphate liberated was separated from 
unhydrolysed [y- 32 P] ATP chromatographically (Sweig and Sherma, 1972), 
using Whatman No.I paper. The paper strips were cut into 6 equal pieces 
(3.0cm) and placed into vials containing 10ml of scintillation fluid 
{lSg of Butyl-PBD [S-(4-biphenylyl)-2-(4-t-butylphenyl)-1-oxa-3,4-diazole], 
dissolved in 1.5 litres toluene and 1.0 litre 2-methoxyethanol}. The 
radioactive phosphate was counted in a Beckman LS-350 liquid scintillation 
counter. The inorganic phosphate liberated was calculated from the 32 P 
peak counts. 
Fig.3.1 Differentiation between oligomycin-sensitive and -insensitive 
ATPases of rat spleen mitochondria 
ATPase activities were assayed by using intact mitochondria 
(0.4mg) in the incubation medium containing [y- 32 P]-ATP (specific radioac-
tivity 10 6 d.p.m./µmol) as described in the Experimental section, under the 
following conditions: a , mitochondria alone; 6, plus atractyloside 
(SOµM); •, plus oligomycin (2µg/mg); •, plus MgC1 2 (0.9mM) and atractyloside 
(SOµM); o , plus MgCl2 (0.9mM) and oligomycin (2µg/mg); •, M9Cl 2 (alone), 
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Table 3.1 
Effect of dinitrophenol (DNP) on rat spleen mitochondrial ATPase 
activities 
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The ATPase activity was assayed in intact mitochondria (0.4mg), at 22°C 
as described in the Experimental section. [y- 32 P]-ATP (specific activity 
3.5 x 10 6 d.p.m./µ mol) was added to give a final concentration of lSOµM 
in each case in a total assay volume of 3.0ml. 
ADDITIONS 
Intact mitochondria 
+ oligomycin (lOµg/mg) 
+ DNP. (0. lmM) 
+ MgCl2 (0.9mM) + oligomycin 
+ MgC1 2 + oligomycin + DNP 
ACTIVITY 
(nmol Pi/min/mg) 
108 
12 
148 
180 
192 
' 
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3. 4 RESULTS 
3.4.1 Differentiation between matrix (oligomycin-sensitive) and external 
(oligomycin-insensitive) ATPase activities from rat spleen and 
thymus mitochondria 
The results of the polarographic studies described in Chapter II 
2+ . 
suggest that a Mg -stimulated ATPase-like activity may be present in 
intact rat spleen mitochondria and absent from thymus. The release of 
32 P from [y- 32 P]-ATP was used, therefore, as a more specific assay for 
the activity of this enzyme. 
Fig. 3.1 shows that, even without added Mg 2 +, spleen mitochondria 
l.._8{;~99~ 
ATPase activity that is inhibi.1:eJ, b!I a.bout: Jbyoligomycin possess a basal 
. . A ~ 
(2µg/ mg~ or atractylos~de (SOµM), and which represents the activity of 
- -·· 
the matrix ATPase. When free Mg 2 + (lSOµM) was added to the incubation 
.... ._ - :. - "' - . . . . 
medium contai~ing atractyloside or oligomycin (at the concentrations given 
above) there was a marked stimulation of the rate of 32 P liberation. 
. -
This observation is consistent with the ability of free Mg 2 +, over the 
same concentrationrange to stimulate the rate of state-4 respiration 
dramatically in these mitochondria (see Fig. 2.5). 
The two ATPase activities observed can be distinguished clearly 
if their response to uncouplers (e .g., N,N'dinitrophenol) is considered. 
Using intact spleen mitochondria in the absence of added Mg 2 +, the matrix 
space ATPase was stimulated by about 40% on addition of O.lmM din±trophenol 
(Table 3.1). This rate represents the maximum oligomycin-sensitive 
ATPase activity (148 nmols/min/mg) that has been observed in these 
experiments. Its specific activity is approximately equal to that of the 
Mg 2 +-stimulated ATPase (168 nmols/min/mg), which, in contrast, is not 
significantly accelerated by dinitrophenol when measured in the presence 
of oligomycin (lOµg/mg) . The small stimulation observed (8-10%) was 
probably due to the release of a small fraction of the oligomycin-sensitive 
ATPase activity from the matrix during preparation . The additional ATPase 
/ 
Fig.3.2 ATPases of rat thymus mitochondria 
ATPase activities were assayed ,by using intact thymus mitochondria 
(0.3mg) in the medium containing [y- 32 P]-ATP (specific . activity 10 6 d.p.m. / µmol) 
as described in the Experimental section, under the following conditions o , 
mitochondria alone; 0 plus MgC1 2 (0 .9mM); •, plus oligomycin (lOµg/mg prot ein) 
and atractyloside (SOµM). 
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Table 3.2 
Mg 2 +-stimulated ATPase activity of rat lymphoid tissue mitochondria 
The ATPase activity was assayed using intact mitochondria from spleen 
(0.5mg protein) or thymus (0.5mg protein), at 30°C as described in the 
Experimental section. The reaction medium contained sucrose (250mM), 
Hepes (lOmM; pH 7.4), ATP (2.0mM), [y 32 -P]ATP (3.5 x 10 6 d.p.m./µmol), 
MgC1 2 (5.0mM), atractyloside (50µM) and oligomycin (lOµg/mg protein). 
The values were calculated from an average of 3 experiments and are given 
as average± S.E.M. 
spleen 
thymus 
TISSUE 
MITOCHONDRIA 
ATPase ACTIVITY 
n mols/min/mg protein 
228 ± 39 
106 ± 8 
106 
activity accessib le to [y 32 -P]-ATP added outside the atractyloside-
barrier can thus be differentiated from the matrix space ATPase by virtue 
of its dependency on added Mg 2 +-ions and its insensitivity to oligomycin 
and dinitrophenol. 
Fig.3.2 shows that, in the absence of added_ Mg 2 +, thymus mitochondria 
possess a basal ATPase activity similar to that observed in spleen that 
is significantly inhibited by oligomycin (2µ g/mg) and atractyloside 
(50µM) . The addition of Mg 2 + (150µM ) did not have a significant add-
itional effect on the measured ATPase activity (Fig.3 . 2) , which is con-
sistent with the inability of free Mg 2 +, at 150µM, to stimulate state-4 
respiration (see Chapter II, Fig . 2.5). However, addition of a much 
higher concentration of Mg 2 + (5mM) stimulated the oligomycin-insensitive 
. . 
ATPase activity, at 30°C, in these mitochondria also (Table 3.2); this 
activity was only 30-50% of that observed with spleen ~itochondri~, which 
explains the earlier observation that only a moderate stimulation of 
state-4 resp~ration rat! wa~ _observed, even after the addition of Mg 2 + 
to thymus mitochondria at higher concentrations {>3mM; Chapter II, Fig. 
2.5). 
3.4.2 Effect of oligomycin on ATP-synthase activities from spleen and 
thymus mitochondria 
The matrix ATPases (ATP-synthase or oligomycin-sensitive ATPase) 
of spleen and thymus mitochondria differed markedly in their sensitivi-
ties to oligomycin. In well-coupled spleen mitochondria, the matrix 
ATPase was inhibited by >90% when ol i gomycin (2µg/mg) or atractyloside 
(50µM) were added to the medium separately . On the other hand, the add-
ition of both oligomycin ( 2µg/mg) and atractyloside (50µM) together 
completely inhibited the matrix ATPase of intact thymus mitochondria; 
when oligomycin was added alone it did not inhibit the ATPase activity 
completely, even at concentrations as high as lOµg/mg (Fig.3.3) . If 
Fig.3.3 Effect of oligomycin on ATPase activity of thymus mitochondria 
ATPase activity was assayed as described in the Experimental 
section. Oligomycin was present in the incubation medium, at the conc-
entrations given in the Fig. Freshly prepared mitochondrial protein 
(0.4mg) was added to initiate the reaction (Fig. a) or was preincubated 
with oligomycin for 15 minutes before use (Fig. b). The values represent 
an average of 2 experiments. 
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Fig.3.4 Effect of ionophore A23187 on -he oligomycin-sensitive ATPase 
of rat 2E}een mitochondria 
The ATPa~e activities were as ~dved as described t D t he Exper m~ntal 
s ~ ' ; Jn by us , ng 80µg of protein of either intact mitochondria or mit o-
chondria pretreated with ionophore A23187. Fur full details of the 
depletion of bivalent metal ions from mitochondri a with t onophore \ 23187 , 
see th~ hxperimental s ection. 
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thymus mitochondria were preincubated with different concentrations of 
oligomycin for 15 minutes, however, the ATPase activity was inhibited 
>st% at a suitable concentr_ation (lOµg/mg) (Fig. 3. 3). This peculiar 
property of thymus mitochondria may be due to the slow diffusion of 
oligomycin to its site of action, but the exact me_chanism is not known. 
3.4.3 Effect of ionophore A23187 on mitochondrial ATP-synthase activities 
The evidence that has been considered so far suggests that the 
oligomycin-sensitive ATPases of both spleen and thymus mitochondria do 
not require exogenous Mg 2+, which may be due to the presence of adequate 
endogenous Mg 2+ in the matrix space. To test this possibility experiment-
ally, mitochondria from both tissues were depleted of endogenous bivalent 
metal ions by treatment with the ionophore A23187 as described by Reed 
and Lardy (1972) and their ability to hydrolyze [y 3 2p ]-ATP was tested. 
Fig. 3. 4- shows clearly that both spleen and thymus mitochondria lost their 
' ' 
Mg 2 +-independent ATPase activities after treatment with A23187, which 
is consistent,.with the view that the matrix ATPases are -normally dependent 
on endogenous Mg 2+ for activity. 
These observations suggest that spleen mitochondria possess an 
oligomycin-sensitive ATPase in the matrix space and an additional, 
equally-powerful oligomycin-insensitive, Mg 2+-ion stimulated ATPase. 
Thymus mitochondria appear to possess the matrix space ATPase and a very 
much lower activity of the oligomycin-insensitive ATPase. 
3.4.4 Location of the oligomycin-insensitive ATPase of spleen mitochondria 
Inner and outer membranes of rat spleen mitochondria were separated 
by digitonin treatment and were differentially centrifuged and identified 
using the specific marker enzymes described for rat liver mitochondria 
by Schnaitman and Greenawalt (1968). As the digitonin concentration was 
increased (Fig.3.Sa) the activity of rnonoamine oxidase, the specific 
Fig.3.5 Differential fractionation of rat spleen mitochondria with digitoni n 
Spleen mitochondria were treated with different concentrations 
of digitonin (0.5-2.Smg/lOmg of protein), and various mitochondrial fracti ons 
[outer membrane fraction, H.S.P. (Fig. a), intermembrane soluble fraction, 
H.S.S. (Fig. b) and inner membrane plus matrix fraction, L.S.P. (Fig: c)] 
were prepared by differential centrifugation as described in the Experimental 
section. Specific marker enzymes of different fractions C•, monoamine oxidase; 
•, cytochrome oxidase; +, glutamate dehydrogenase; •, adenylate kinase) 
were assayed as described in the text . 
H.S.P. 
H.S.S. 
L.S . P. 
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High Speed Supernatant 
Low Speed Pellet 
The results represent an average of 
two different duplicate experiments. 
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marker enzyme for the mitochondrial outer ~embranes, also increased in 
the high speed pellet and reached a maximum at 2.0mg digitonin/lOmg 
mitochondrial protein. Over the same digitonin concentration range, 
adenylate kinase, the mitochondrial periplasmic-space marker, was released 
into the high speed supernatant fraction (Fig.3.5b) and disappeared 
from the low speed pellet (Fig.3.5c) which contained the major portion 
of the cytochrome c oxidase and glutamate dehydrogenase activities. 
At concentrations below 2mg of digitonin, the marker enzymes of the inner 
membrane plus matrix space fractions were barely detectable in the high 
speed pellet and supernatant fractions (Figs.3.5a,b), which is consistent 
with the mitoplast fraction remaining intact. When the concentration of 
digitonin was increased to more than 2.0mg, the marker enzymes were 
distributed non-specifically in all fractions. 
3.4.5 Distribution of marker enzymes in digitonin fractionated 
mitochondria 
Since it is not possible to obtain absolutely pure and uncontam-
inated preparations of inner and outer mitochondrial membranes, it is 
not possible to calculate the absolute enzyme contents of each fraction 
directly. The calculations used to determine the specific activities 
of marker enzyrr:es in these fractions depend on the following basic ass-
umptions: (a) each of the enzymatic markers is located in only one 
compartment of the mitochondria; and (b) the enzymes are neither activ-
ated nor inactivated by the fractionation procedure. However, in this 
system some activation (10-15%) of the enzymes occurred as a result of 
the fractionation procedure. 
Table 3.3 lists the specific activities of each of the enzymatic 
markers in whole mitochondria and in each of the submitochondrial fractions 
obtained at 2mg digitonin/lOmg mitochondrial protein. The percentage of 
the total mitochondrial protein represented by each fraction is also 
Table 3.3 
Distribution of specific marker enzymes in digitonin- treated rat spleen mitochondria 
Rat spleen mitochondria were treated with 2.0mg of digitonin/lOmg of protein and the various fractions were prepared 
as described in the Experimental section. Mg2 +-stimulated ATPase activity was measured in each fraction in the pres-
ence of lOµg of oligomycin/mg of protein (3.3C); oligomycin was omitted in the assay for oligomycin-sensitive ATPase . 
(3.3b). The other enzymes were assayed as described in the text. Specific activities of all enzymes are expressed 
inn mol/min per mg of protein. The numbers of experiments are given in parentheses and the results are mean act ivities 
± S.E.M. 
Table (3.3a) Distribution of membrane proteins 
FRACTION 
Whole mitochondria 
Outer membranes (High Speed Pellet) 
Inner membranes+ Matrix (Low Speed Pellet) 
Inter-membrane soluble space (High Speed supernatant) 
Recovery 
PROTEIN 
(Percentage) 
(S) 
100 
7.?. ± 1.7 
81.2 ± 6.9 
13.9 ± 2.3 
102.2 ± 3.6 
..... 
..... 
N 
FRACTION 
Whole mitochondria 
Outer membranes (high 
speed pellet) 
Inner membranes+ matrix 
(low speed pellet) 
Inter-membrane soluble 
space (high speed 
supernatant 
Recovery 
Table 3. 3b 
Distribution of enzymes of matrix plus inner-membrane 
Details are given in the Legends to Table 3 . 3 
ATPase 
GLUTAMATE DEHYDROGENASE CYTOCHROME-C OXIDASE (OLIGOMYCIN-SENSITIVE) 
(2) (2) (3) 
I 
Specific Total Specific Total Specific Total 
activity activity activity activity activity activity 
421 100 1071 100 108 ±11.2 100 
1.1 0.2 86 5.7 14.2±1 9.4 
592 114 1476 89.5 147.2±7 110.5 
4.7 1.5 129 15.6 0 0 
- 115. 7 - 110.8 - 119 .9 
~ 
~ 
vi 
FRACTION 
Whole mitochondria 
Outer membranes (high speed 
pellet) 
Inner membranes+ matrix 
(low speed pellet) 
Inter-membrane soluble space 
(high speed supernatant) 
Recovery 
Table 3.3c 
Distribution of enzymes of outer membrane 
Details are given in the Legends to Table 3.3 
MONOAMINE OXIDASE Mg 2 +-ATPase (OLIGOMYCIN-INSENSITIVE) 
Specific 
activity 
12 .1± 2 .4 
147.0±17.1 
2.9± 0.4 
(3) 
Total 
activity 
100 
87.5 
19.4 
106.9 
[8) 
Specific Total 
activity activity 
178± 6.7 100 
2318±51. 6 89.3 
16.9±3.2 8.1 
0 0 
97.4 
1--' 
1--' 
..:,. 
FRACTION 
Whole mitochondria 
Outer membranes (high 
speed pellet) 
Inner membranes+ matrix 
(low speed pellet) 
Inter-membrane soluble 
space (high speed super-
natant) 
Recovery 
Table 3.3d 
Distribution of enzymes of soluble inter-membrane space 
Details are given in the Legends to Table 3.3 
ADENYLATE KINASE CREATINE-KINASE INORGANIC PYROPHOSPHATASE 
( 3) ( 3) (2) Specific Total Specitic Total Specific Total 
activity activity I • • activity activity activity act1v1ty 
287 ±11.1 100 76.5 ± 6.1 100 317.6 100 
14.2± 3 5.2 1.3 ± 0.2 1. 7 10.2 2.3 
46 ± 3 13.7 2.98± 0.5 3.9 11. 3 2.9 
2032 ±95 103.8 561.9 ±37 102.7 2202.6 96.4 
- 117 .5 
- 108.3 - 101.6 
f--' 
f--' 
(.fl 
given in Table (3.3a), and was calculated with the following formula: 
Percentage of total mitochondrial 
Sp. activity of marker 
enzyme in whole mito-
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protein present in a fraction } 
= { mitochondria 
Sp. activity of marker 
enzyme in the partic-
ular fraction. 
X 100 
The sum of the percentages of the protein present in each fraction cal-
culated in this fashion is almost equal to 100%, which supports the general 
validity of the assumptions used. 
More than 80% of the total mitochondrial protein remained in the 
low speed pellet, which also contained elevated specific activities of 
the marker enzymes of the inner membrane plus matrix space fractions 
I 
(Table 3.3b). Only 7~8% of the total mitochondrial protein was recovered 
in the high speed pellet; in this fraction a selective 9 to 12-fold en-
hancement of the specific activities of monoamine oxidase and the oligomycin-
insensitive ATPase ind:i:-cated that both of these activities copurified with 
the outer membrane subfraction (Table 3.3c). Approximately 11-13% of the 
total mitochondrial protein was released into the inter-membrane soluble 
space fraction which contained inorganic pyrophosphatase, adenylate kinase 
and creatine kinase of greatly enhanced specific activity (7-fold) . (Table 
3.3d). 
Of the various fractions obtained by digitonin treatment, approxim-
ately 90% of the total oligomycin-insensitive ATPase activity was recovered 
with the outer membranes (Table 3.3c). The small amount of activity 
(8%) still associated with the inner membranes is a result, possibly, 
of incomplete separation of the two membranes (Table 3.3b). Taken together, 
these results indicate that the oligomycin-insensitive, Mg 2 +-stimulated 
ATPase of spleen mitochondria is localized predominantly in the outer 
membrane fraction whilst (as expected) the oligomycin-sensitive ATPase 
is located almost exclusively in the inner membrane plus matrix space. 
Fig.3.6 Respiration of digitonin-treated mitochondria 
Intact mitochondria from spleen (1.2mg; Fig.a) or the digitonin-
fractionated mitochondria (1 .5mg; Fig.b) were used to measure respiration 
which was monitored as described in the Experimental section. Pyruvate 
(3.0mM) plus malate _(O.SmM), MgC1 2 (0.9mM) , EDTA (600µM) and ADP (JOOµM) 
were added to the medium as indicated. 
\ 
(a) CONTROL 
2+ pyr + no Mg 
ADP 
i 200[ 
Ol O C 
pyr + Mg2+ l ADP 
- l 
--
ADP 
0 1 
min 
(b) Digitonin - treated 
2+ 2+ pyr + no Mg pyr + Mg 
ADP 
--= 
" 
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3.4.6 Respiration of digitonin-fractionated spleen mitochondria 
Fig. 3.6 compares the respiration of intact spleen mitochondria 
with that of the mitoplast subfraction derived from it when pyruvate was 
used as substrate. In the absence of Mg 2 +, state-3 respiration of the 
mitoplast fraction of digitonin-treated mitochondria (Fig.3.6b) was 
stimulated by ADP to the extent observed with intact mitochondria (Fig. 
3.6a). State-4 respiration was restored after exhaustion of the added 
ADP, although the mitoplasts exhibited much lower respiratory control 
ratios (<2) . These findings support the view that the inner membranes of 
the mitoplast fraction were relatively intact after the removal of the 
outer membranes. Unexpectedly, addition of Mg 2 + (lSOµM) abolished the 
respiratory control ratio by stimulating state-3 respiration; this may 
. . 
have been due to a direct effect of Mg 2 + on the mitoplasts similar to 
that observed in rat liver mitochondrial preparations by Schnaitman and 
Greenawalt (1968), who suggested that the inner membranes might lose 
their selective permeability properties during digitonin fractionation. 
The inability of EDTA to restore the state-4 respiration rate (Fig.3 .6b), 
as it does in whole mitochondria, is consistent with this view. 
3.4.7 Stoichiometry of ATPase reaction 
Fig.3.7 shows that the products of the Mg 2 +-stimulated ATPase 
reaction catalysed by the washed outer membrane fraction were ADP and 
P., produced in equimolar amounts that corresponded exactly with the loss 
l 
of ATP from the medium. No significant production of AMP was detected 
during the reaction, which is consistent with the absence of adenylate 
kinase and ATP-pyrophosphohydrolase activities from this fraction after 
washing (Table 3 .5). The non-linearity of the rate of ATP hydrolysis 
over the first few hours may suggest that the end-products of the reaction, 
such as ADP or P. exert an inhibitory effect on the enzyme reaction. 
l 
> 
Fig.3.7 Stoicheiometry of the outer membrane ATPase reaction from rat 
spleen mitochondria 
Hydrolysis of unlabelled ATP by the washed mitochondrial outer 
membrane (200µg) ATPase was performed at 37°C in a sterile medium containing 
tetracycline (2mg/ml) as well as Hepes buffer (20.0mM, pH7.4), ATP (5.0mM) 
and MgC1 2 (8.0mM) in a final volume of 5.0ml. Samples (200µ1) were withdrawn 
at different time-intervals, as indicated, and the reaction was stopped 
with ice-cold HC10 4 (20µ1, 1.0M). All glassware was autoclaved at 120°C 
-for 30 minutes before use. Adenine nucleotides ( • , ATP; O , ADP; a , AMP) 
and P. (0) were analysed as described in the text. 
l 
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The reaction was allowed to go to completion (in a sterile 
medium to prevent the non-specific hydrolysis of ATP by contaminating 
bacteria) in order to calculate its equilibrium position. The foll owing 
equation was used: 
ATP 
K 
eq 
+ H20 
...--- + [ADP] [ P . ] [ H ] 
l 
= [ATP] [H20] 
+ ADP+ P. + H 
l 
Since the reaction was performed at pH 7.4, the concentration of H+ 
was taken as 0.5012 x 10 - 7M. If the concentration of H20 was assumed 
to be 55M, an equilibrium constant of 9.283 x 10- 10 was obtained for this 
reaction; whereas at a water concentration of 1M, a value of 5.106 x 10- 8 
was found. The equilibrium position of the reaction under these experi-
mental conditions thus greatly favours product formation. Presumably 
this reaction is capable of hydrolysing any ATP available in the extra-
mitochondrial space in- vivo if the activator molecule Mg 2+ is present. 
Since all reasonable estimates of the cytosolic free Mg 2+ concentration 
are in the range of 1.6mM (Gunther, 1967), the enzyme is likely to be 
perpetually in the active state unless subject to specific inhibition. 
It is premature to consider at this stage that the dissipation of ATP 
by this reaction is physiologically completely wasteful, as the energy 
of ATP hydrolysis could be utilised for some as yet undefined energy-
dependent functions, or the activity of the enzyme itself may be regulated 
by various cytosolic "factors". 
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Table 3.4 . 
Effect of various inhibitors on the outer membrane ATPase activity of 
spleen mitochondria 
ATPas e activity was assayed as described in the Experimental section by 
using intact spleen mitochondria (lOOµg of protein), exc ep t that atractyloside 
(50µM) and MgCl2 (5mM) were present in the reactin mixture in all experi-
ments. Inhibitors were added to give the final concentrations indicated 
in th e Table. Values are given as an average of duplicate experiments . 
ADDITION ACTIVITY (%) 
None 100 
Oligomycin (µg/mg protein) 5.0 98.1 
10.0 92.7 
Mersalyl 0.005 93.7 
(mM) 0.010 87.3 
Ouabain 0.01 96.7 
(mM) 0.05 92.1 
0.10 91. 7 
Table 3.5 
Effect of washing the outer membrane preparation from rat spleen mitochondria on the disappearance of contaminating 
enzyme activities 
Mitochondrial outer membranes were prepared as described in the Experimental section and were washed between spins 
with Hepes buffer (20.0mM; pH 7.4) before sedimentation at 100,000 x g for 60 minutes. The enzymes listed in the 
Table were assayed as described in the text. All valu~s are expressed as a percentage of the activity measured with 
intact mitochondria (given as 100%) ; specific activity is expressed as n mol/min/mg protein. The number of observations 
are given in parentheses and the results are expressed as mean activities± S.E.M. 
PREPARATION INORGANIC ATP-PYROPHOSPHO-
ASSAYED ADENYLATE KINASE CREATINE KINASE PYROPHOSPHATASE HYDRO LASE 5' -NUCLEOTIDASE 
(3) (3) (2) (2) (2) 
Intact mitochondria 
Specific activity 287 ± 11.1 76.5 ± 6.1 317.6 0 0 
Percentage activity 100% 100% 100% 
Outer membranes 
i Unwashed 5.2% 1. 7% 2.3% 0 0 
ii After 3 washes 0% 0% 0.04% 0 0 
f--' 
N 
N 
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3.4.8 Examination of the outer membrane fraction for contamination with 
other ATPase activities 
Outer membrane preparations were tested for possible plasma membrane 
. . . + + 
contamination, using Na, K -ATPase as the marker enzyme, by assaying 
the Mg 2 +-stimulated ATPase activity in the presence of ouabain (0.01 - 0.1 
mM). Ouabain had no significant effect on the Mg 2 +-stimulated activity 
when tested over this concentration range, (Table 3.4) which is consis-
tent with the absence of plasma membrane contamination. This conclusion 
was strengthened by the total absence of 5'-nucleotidase activity from 
intact spleen mitochondria and from all of the mitochondrial sub-fractions 
(Table 3.5). Similarly, mersalyl, which is a specific potent inhibitor 
of sarcoplasmic reticulum ATPase, had no measurable effect on the Mg 2 +-
stimulated ATPase activity (Table 3.4). As seen earlier in this chapter, 
the insensitiveness of this reaction to the addition of oligomycin ind-
icates that the inner membranes were virtually absent from the outer mem-
brane preparations. 
Of other possible contaminating activities, only 2% of the total 
creatine kinase activity, measured in the direction of ATP synthesis from 
ADP and creatine phosphate, was present in the unwashed outer membrane 
fraction. A similar proportion of the inorganic pyrophosphatase activity, 
which also copurified with adenylate kinase and creatine kinase from the 
periplasmic space, was found in this sub-fraction. Table 3.5 shows 
that all of these contaminating activities disappeared from the outer 
membrane preparations after three washes . 
3.4.9 Effect of "ageing" on spleen mitochondrial ATPase activity 
Rat spleen mitochondria were isolated, as described in the text, 
as fast as possible: the time lapse was 20 minutes from the time of 
removal of the spleens to the completion of the isolation procedure. 
Table 3.6 
Effect of ageing of rat spleen mitochondria on the activity of Mg 2 +_ 
stimulated ATPase 
Mitochondria from rat spleen were isolated essentially as described 
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in the Methods Section, but with some modifications. Spleens were 
removed from the animals as quickly as possible and were placed in 
ice-cold isolation medium, homogenized immediately and differentially 
centrifuged to obtain mitochondria. The mitochondrial pellet was washed 
only once with wash medium and was used for ATPase assay as described 
in the text, except that ouabain (0.1~1) was present in the incubation 
medium in addi~ion to oligomycin (lOµg/mg protein) and atractyloside 
(SOµM). The values represent an average of two experiments . 
ATPase ACTIVITY 
TIME ~hrs) (n mols/min/mg protein) 
0 171 . 7 
~ 176.4 
1 168.2 
2 170.6 
4 178 . 9 
5 174.3 
Table 3.7 
Tissue distribution of the outer membrane ATPase activity 
Mitochondria from different rat tissues were isolated as described in the text. The mitochondrial respiration was 
measured in an incubation medium containing either (i) no added bivalent metal ions or (ii) MgCl2 (0.9mM) or (iii) 
CaC1 2 (0.6mM). The ATPase activity was assayed in an incubation medium containing [y- 32 P]-ATP (0 . 15mM at a specific 
activity of 1.5 x 10 6 d.p.m./µ mol), atractyloside (50µM) and either MgC1 2 (0.9mM) or CaCl2 (0.6mM) in a final volume 
of 3.0ml. 
TISSUE STATE-4 RESPIRATI6N ATPase ACTIVITY 
(MITOCHONDRIA) (ng atom 0/min/mg) (nmol Pi/min/mg) 
No bivalent 
metal ions MgCl2 (0.9mM) CaCl2 (0.6mM) MgCl2 (0.9mM) CaCl2 (0.6mM) 
liver 21 28 98 12 4 
spleen 25 108 151 150 65 
thymus 32 41 115 14 7 
heart 30 142 158 760 442 
brain 28 104 114 17 14 
kidney-cortex 31 89 97 71 47 
lung 23 59 120 12 19 
hind-leg muscle 29 31 117 12 27 
di aphragm 34 37 106 9 29 ...... N 
u, 
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Using these mitochondria, the Mg 2 +-stimulated ATPase activity was measured 
inunediately and this was considered to be the zero time activity. The 
mitochondria were left on ice at 0°C and small samples were removed at 
the desired time intervals and assayed for Mg 2 +-stimulated ATPase. The 
results in Table 3.6 indicate that the observed ATPase activity was not 
associated with "ageing" of mitochondria, as the activity remained 
unchanged throughout the 5 hour period after the isolation of the mitoch-
ondria. 
3.4.10 Tissue distribution 
Well-coupled mitochondria from various tissues were prepared 
by standard methods and their respiration studied in the presence of 
succinate in an incubation medium free from added bivalent metal ions; 
the effect of adding Mg 2 + or Ca 2 + was tested once state-4 respiration 
had been established. Table 3.7 shows that Mg 2 + (0.9mM) stimulated 
state-4 respiration in_only kidney-cortex, brain, heart and spleen mito-
chondria, whilst Ca 2 + (0.6mM) invariably stimulated the rate in all 
mitochondrial preparations due to its uptake at the expense of ATP 
hydrolysis. In subsequent experiments, where the ATPase activity was 
assayed by following the specific release of 32 P. from [y 32 P]-ATP in 
1 
the presence of atractyloside, the results show clearly that only spleen, 
kidney-cortex and heart mitochondria possessed this distinctive ATPase 
activity (see Table 3.7). The highest specific activity was observed 
with heart mitochondria, which exceeded that of spleen by at least six-
fold. Brain mitochondria did not release 32 P. under these conditions, 
1 
so in this case the Mg 2 +-stimulated state-4 rate observed is more likely 
to be due to the stimulation of a phosphotransferase activity like 
creatine kinase (Sugano and Nagai, 1971). Under these assay conditions 
(Mg 2 +, O. 9ITu"1; temperature, 22 °C) thymus mitochondria showed no significant 
activity (see Table 3.7). 
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3 . 5 DISCUSSION 
3.5.1 Purity of the isolated rat spleen mitochondria 
Isolated mitochondria are usually contaminated, to some extent, 
with other cytoplasmic organelles, such as microsomes, lysosomes, sar-
coplasmic or endoplasmic reticulum, or with plasma membranes. In the 
present study, care was taken to minimize such contamination in the 
following ways: (1) the 650 x g nuclear pellet was not resuspended to 
extract the residual mitochondria, in order to reduce nuclear contamination; 
(2) addition of bovine serum albumin to the isolation medium which is 
beneficial for the stability of the membranes during homogenization (Munn, 
1976), also increases the co-sedimentation of other cytoplasmic organelles 
(e.g., microsomes, lysosomes) with mitochondria (Kun, 1976); based on 
these findings, bovine serum albumin was excluded from the wash medium 
but not from the isolation medium; (3) the mitochondrial pellet was 
dispersed by hand with a losse-fitting homogenizer and washed at 
least three times to minimize the adsorption of microsomal and plasma 
membrane contaminants. The measurement of low activities (<10%) of 
marker enzymes for plasma membranes (5'-nucleotidase - see Table 3.5), 
microsomes and sarcoplasmic reticulum (mersalyl-sensitive Ca 2 +, Mg 2 +-
ATPase - see Table 3.4; MacLennan, 1970) indicates that the isolated 
spleen mitochondria were relatively free of other sub-cellular fractions. 
3.5.2 Homogenity of the membrane preparations from digitonon-treated 
rat spleen mitochondria 
The extensively folded inner membranes (cristae) represent 75% 
of the total protein content of mitochondria, whereas the surrounding 
thin outer membranes comprise only 6% of the protein (see Table 3 . 3a). 
Isolation of a homogenous preparation of the outer membranes without 
contamination from the more abundant inner membranes has often proved 
to be difficult. In principle, each membrane can be identified and 
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isolated selectively by following the enricrunent of its specific marker 
enzymes. The results of the present study indicate that the outer 
membrane fraction contained more than 85% of the monoamine oxidase 
activity and less than 10% of the enzymes of the other mitochondrial 
fractions (see Table 3.3) . The inner membrane fraction was enriched in 
its specific marker enzymes (e.g., glutamate dehydrogenase, oligomycin-
sensitive ATPase and cytochrome c oxidase). Although only 1-2% of the 
glutamate dehydrogenase and oligomycin-sensitive ATPase activities were 
recovered in the high speed supernatant (intermembrane space) fraction, 
more than 15% of the cytochrome c oxidase activity was detected in this 
fraction. Cytochrome c oxidase is only loosely bound to the inner 
membranes of rat lymphoid tissue mitochondria (Scaife, 1966), and is 
evidently detached from the membranes to some extent during fractionation. 
If the inner membranes had been broken, the membrane-bound cytochrome 
c oxidase activity would have been recovered with the outer membranes 
rather than with the high speed supernatant. Furthermore, the inner mem-
brane plus matrix-space fraction gave respiratory control ratios of about 
2.0, which is consistent with the intactness of the inner membrane. 
3.5.3 Nature of the ADP-regenerating reaction in Mg 2+-treated spleen 
mitochondria 
The apparent loss of phosphorylation efficiency (ADP/0 ratio) and 
the fall in the acceptor control ratio observed when Mg 2 + is added to rat 
spleen mitochondria is similar to that reported for heart sarcosomes 
(Packer, 1957, 1958; Chao and Davis, 1972) and rat kidney-cortex mito-
chondria (Gmaj et al., 1974). The observation in rat kidney-cortex 
mitochondria has been attributed to the stimulation of a Mg 2 +-dependent 
ATPase from the outer membrane fraction (Gmaj et al., 1974). In our hands, 
preliminary studies with spleen mitochondria have indicated a similar 
+ type of activity stimulated by Ng 2 , in the atractyloside-insensitive 
space (see Fig.3.1). 
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In the case of heart mitochondria i~ has been suggested that 
the external ATPase, which is active only in the presence of Mg 2 +, may 
be a contaminant that is identical with the ATPase-coupling factor of 
oxidative phosphorylation (Chao and Davis, 1972). This conclusion 
was reached on the basis of the sensitivity of the reaction to inhibition 
by oligomycin, but no attempts were made to study its location in the 
mitochondrial subfractions. If such an active, Mg 2 +-stimulated enzyme 
were present due to mitochondrial damage and subsequent release of ATP-
synthase activity, then the efficiency of oxidative phosphorylation and 
respiratory cor.trol ratios should be very low. In contrast, high resp-
iratory control ratios (about 8-12) were reported (Chao and Davis, 1972). 
Secondly, under these conditions most of the matrix space enzymes should 
have leaked out during the washing procedure and consequently the mitochond-
ria should have had a poor capacity to oxidize tricarboxylic acid cycle 
intermediates. High rates of oxidation of glutamate have in fact been 
reported. If, on the other hand, only slight damage to the inner membranes 
has occurred, this cannot account for the high rates of Mg 2 +-stimulated 
ATPase observed both in the present study (see Table 3 .7) and in the 
experiments of Chao and Davis (1972). 
The contribution of ATPase or ATPase-like activities from other 
cellular sub-fractions such as the sarcoplasmic reticulum, actomyosin 
from contractile fibres, creatine kinase or glucose-hexokinase of 
microsomes have been ruled out as possible causal factors in the experiments 
of Chao and Davis (1972). The available evidence does not rule out the 
possibility that the Mg 2 +-stimulated ATPase activity of heart mitochondria 
may be associated with the outer membranes, although there is no direct 
evidence to support this conclusion. 
In the present study, the fol~owing factors are considered to support 
the vi ew that the Mg 2 +-stimulated uncoupling effect in rat spleen mito-
chondria is due to the stimulation of an outer membrane ATPase. Mito-
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chondrial damage was excluded on the following grounds: (a) high 
respiratory control and ADP/0 ratios were obtained with the same mitoch-
ondrial preparations in the absence of added Mg 2 + (Fig.3.6); (b) the 
Mg 2 +-independent ATPase activity was suppressed completely by atractyl-
oside (Fig.3.1); (c) the atractyloside-insensitive ATPase activity, 
which required added Mg 2 + for activation, was quite insensitive to oligom-
ycin (Table 3.1) which argues against it being a contaminating ATPase 
activity released from the mitochondrial matrix; and (d) the possibility 
that the addition of Mg 2 + itself might cause an irreversible loss of 
mitochondrial integrity, and a concomitant stimulation of state-4 
respiration, was ruled out by the restoration of both normal state-4 
respiiation and the cyclic response of the mitochondria to the addition 
of ADP on subsequent addition of excess EDTA (Fig. 3.5). In addition, 
the differential fractionation of spleen mitochondria with digitonin 
(Table 3.3) has shown clearly that the outer membrane fraction has more 
than 90% of the oligomycin-insensitive ATPase activity associated with it, 
which argues for a distinctive activity, not associated with mitochondrial 
. 
damage, that is typical of spleen mitochondria. Its presence and level 
of activity is not associated with "ageing" of the mitochondria, as there 
was neither an increase nor decrease in the Mg 2 +-stimulated ATPase 
activity measured in the presence of oligomycin (lOµg/mg protein), 
atractyloside (SOµM) and ouabain (O.lrnM) over a five hour period after 
isolation of the mitochondria (Table 3.6). 
A number of other possible contaminating activities have been 
considered, and excluded, as the basis for a Mg 2 +-stimulated ATPase 
reaction situated predominantly in the outer membrane fraction. (The 
small percentage of this activity found in association with the inner 
membranes is considered to be due to incomplete separation of the two 
membranes.) The combined activities of ATP-pyrophosphohydrolase 
(EC 3.6.1.8.) and adenylate kinase (EC 2.7.4.3.), for example, could 
131 
result in a "pseudo-ATPase" activity and produce ADP by the following 
reaction sequence: 
ATP + H20 
AMP + ATP 
ATP-pyrophosphohydrolase 
> AMP + PPi 
_a_d_e_n~y_l_a_t_e~k_i_n_a_s_e~~~~~~ 2 ADP 
(i) 
(ii) 
Two findings argue against this being the reaction mechanism: (i) the 
fact that stoicheiometric amounts of ADP and P. were produced as the 
1 
only end products of the reaction catalysed by the outer membrane fraction 
(Fig.3.7); and (ii) the virtual absence of ATP-pyrophosphohydrolase, 
adenylate kinase and pyrophosphatase activities from the outer membrane 
fraction after three washes (Table 3.5). Stimulation of creatine kinase 
activity by added magnesium could also result in a continuous regeneration 
of ADP from ATP with an apparent uncoupling effect, as has been reported 
for rat cerebral cortex mitochondria (Sugano and Nagai, 1971); but this 
activity is completely absent from the washed outer membrane fraction of 
spleen mitochondria. The outer membrane fraction, in fact, was virtually 
free of all matrix, inner membrane and inter-membrane space marker enzymes 
and was selectively enriched in monoamine-oxidase as well as the oligomycin-
insensitive ATPase activity (see Table 3.3). + + The Na, K -dependent ATPase 
from the plasma membrane, which may have par·~ially sedimented with the 
microsomal fraction, was not a contaminant of the outer membrane fraction. 
These findings indicate that the oligomycin-insensitive ATPase of rat 
spleen is a distinctive mitochondrial enzyme present in the outer membrane 
fraction which is similar to the enzyme reported in rat kidney cortex 
mitochondria by Gmaj et al. (1974). 
CHAPTER 4 
KINETIC PROPERTIES OF THE ATPase FROM 
THE OUTER MEMBRANE OF RAT SPLEEN MITOCHONDRIA 
CHAPTER 4 
KINETIC PROPERTIES OF THE ATPase FROM THE OUTER 
MEMBRANE OF RAT SPLEEN MITOCHONDRIA 
4.1 INTRODUCTION 
It is evident from the findings reported in the last chapter 
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that rat spleen mitochondria, in common with those from rat kidney-cortex 
(Gmaj et al., 1974) and possibly heart have a highly active, but oligomycin-
insensitive, Mg 2 +-stimulated ATPase associated exclusively with the 
outer membrane fraction (see also Vijayakumar and Weidemann, 1976). 
This enzyme is absent from the outer membranes of rat liver mitochondria 
which do, however, contain a bicarbonate-stimulated ATPase activity 
(Grisolia and Mendelson, 1974) that may be an enzyme of the same class . 
The oligomycin-sensitive ATPases and purified F1-preparations 
from mammalian heart and liver mitochondria (Cooper and Lehninger, 1957) 
and the ATPases of chloroplasts (Vambutas and Racker, 1965) and bacteria 
(Adolfsen and Moudrianakis, 1973) that participate in oxidative phosphor-
ylation share the common property of catalyzing maximum ATP hydrolysis 
2+ 
with Mg as the sole added metal ion. These ATPases can be distinguished 
from the transport ATPases by virtue of differences in their metal-ion 
requirements and in their sensitivities to specific inhibitors. For 
instance, the sarcoplasmic-reticulum ATPase, which is inhibited by 
mersalyl (MacLennan, 1970), and the erythrocyte-membrane-bound ATPase, 
which has been implicated in Ca 2 + transport (Walter and Hasselbach, 
19 · 1 1) b h h b 1 · t for Ca 2 + 73; Schartzmann and Rossi, 97 , ot ave an a so ute requiremen 
as well as Mg 2 + for optimum activity. + + Similarly, the Na + K -ATPase of 
the mammalian plasma membrane requires both Na+ and K+ in addition to Mg 2 + 
to elicit its maximum activity (Glynn, 1956; Post et al., 1960) and is 
inhibited specifically by ouabain. 
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As a first step towards defining the distinctiveness and the 
possible functional significance of the spleen mitochondrial outer membrane 
ATPase, the influence of metal ions and inhibitors on the kinetic properties 
of this enzyme have been studied both in situ and in isolated outer membrane 
vesicles. The close resemblance between this enzyme and an ATPase 
observed in the outer membranes of rat kidney-cortex mitochondria by 
Gmaj et al. (1974), which is thought to be involved in Ca 2+ transport, 
may require a reconsideration of the selective permeability properties 
of the outer membranes of mitochondria that possess enzymes of this type. 
4.2 MATERIALS 
[ 3 ~]p., digitonin, oligomycin, atractyloside and CaCl2 were 1 
obtained from the sources described in the previous Chapters. Norit-A 
(activated charcoal), bovine serum albumin (fraction V), mersalyl 
{O - [(3-Hydroxymercuri-2 methoxypropyl) - carbamyl]-phenoxyacetic acid} 
and nitrilotriacetic a~id, trisodium salt (NTA) were from Sigma Chemical 
Co., St. Louis, MO, U.S.A. N, N-Dicyclohexylcarbodiimide was from Calbiochem, 
Carlingford, N.S.W., Australia. AgN0 3 was from BDH Chemicals Ltd, 
Poole, Dorset, U.K. All other chemicals used were of analytical grade. 
4.3 METHODS 
4.3.1 Isolation of rat spleen mitochondria 
Mitochondria from rat spleen were isolated in iso-osmotic sucrose 
solution as described in the previous chapters, except that the wash 
medium was free of bovine serum albumin to avoid interference with the 
mitochondrial protein estimation. 
4.3.2 Preparation of spleen mitochondrial outer membrane 
The outer membrane fraction from rat spleen mitochondria was 
prepared as described in chapter III, by using 2.0mg of digitonin/lOmg 
o{ mitochondrial protein. 
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4.3.3 Measurement of protein 
Mitochondrial and outer membrane protein concentrations were 
determined as described in Chapter III. 
4. 3.4 SYNTHESIS OF [y- 32 PJATP 
[y- 32 PJATP was synthesized as described earlier (Chapter III). 
4.3.5 Assay of ATPase activity 
(a) With intact mitochondria: ATPase activity was assayed at 
30°C in Eppendorf centrifuge tubes. The reaction medium contained sucrose 
(250mM), Hepes (25mM; pH adjusted to 7.4 with KOH), unlabelled ATP 
(2.0mM), [y- 32PJATP (1 .2 x 10 5 - 1.5 x 10 5 d.p.m.) and MgCl2 (5.0mM) 
in a final volume of 0.5ml. The reaction was started by addition of 
80-lOOµg of mitochondrial protein. (b) With the isolated outer membrane 
preparation: The reaction medium used was identical with that for (a) 
except that sucrose was replaced by water. The reaction was started by 
addition of the mitochondrial outer membrane preparation (40-50µg of 
protein). 
The reaction was stopped at different time intervals (usually 
every 10 mins unless shown otherwise in the legends) by adding ice-cold 
HCl04 (100µ1; 1.0M), and the tubes were placed on ice. The mixture was 
centrifuged (2 min at 5000g) in an Eppendorf centrifuge to sediment the 
precipitated protein. The total radioactivity in a sample (100µ1) of 
clear supernatant was determined. Activated charcoal (20mg) was added 
to the remaining portion of the reaction mixture and mixed for 20 s with 
a Vortex-Genie mixer, to adsorb the unchanged labelled ATP. The mixture 
was centrifuged again (2 min at 5000g) to sediment the charcoal. The 
radioactivity in an equivalent volume (100µ1) of clear supernatant which 
now contained only [ 32 PJP. was determined. The labelled P. liberated was 
1 1 
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always corrected for the zero-time blank value (HC10 4 was added to the 
reaction medium prior to the addition of enzyme protein). The ATPase 
activity was linear for more than 10 min, if the protein concentrations 
indicated were used. Although the results obtained were quite comparable 
with those described in chapter III, the present m~thod proved to be 
less time-consuming and equally reproducible. The 32 P radioactivity was 
determined in a Beckman LS-350 liquid scintillation counter as described 
before (Chapter III). 
4.3.6 Measurement of mitochondrial respiration 
Rat spleen mitochondrial respiration was monitored, using a 
Clarke-type oxygen electrode, in the reaction medium described in Chapter 
II except that it contained, additionally, ATP (1.0mM) and succinate 
(2. OmM) . Mitochondrial respiration was stimulated by adding Mg 2+ (lSOµM) 
. . . 
. . 
and this stimulation was taken as an indication of the presence of the 
Mg 2+-dependent ATPase activity of the outer membranes. Various modulatory 
metabolites and cytoplasmic extracts were added at the concentrations 
indicated in the Legends. "Cytop~asmic extract_" represents the 650 x g 
supernatant fraction of rat spleen tissue (1 g wet weight) that was 
homogenised in 3 volumes (mls) of isolation medium (sucrose, 250mM; 
Hepes, lOmM, pH 7.4; EGTA, 1.0mM and bovine serum albumin, 1% w/v). 
4.3.7 Calculation of free metal ion concentrations 
When Mg 2+-EDTA (1.0mM) and Ca 2+-EGTA (1.0mM) buffers were used, 
the free metal ion concentrations in the reaction mixture were calculated 
as described in Chapter II. Similarly, when Ca 2+-nitrilotriacetate (3.0mM) 
buffers were used, the following dissociation constants for nitrilotri-
acetate.H3 (K 1 =1.89; K2 =2.49 and K3=9.73) and the following stability 
constants for Ca 2+-nitrilotriacetate (K 4 =6.46) (Sillen and Martel, 1971) 
were used in making the calculations. 
Fig.4.1 Stability of rat spleen mitochondrial outer-membrane ATPase 
during storage 
The mitochondrial outer-membrane preparation was stored either 
in liquid N2 or at -2P°C, and a small portion was removed after different 
storage times. The ATPase activity was assayed as described in the 
Experimental section, by using 40µg of membrane protein. The results 
represent means± S.E.M. (bars) of triplicate determinations. 
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Fig . 4.2 pH-dependence of the outer-membrane ATPase of rat spleen 
mitochondria 
The ATPase activity of the outer membrane fraction (40µg of prote i n) 
was assayed essentially as described in the Experimental section, except that 
Hepes buffer was replaced by Tris (20mM) buffered with maleic acid to give 
the indicated pH values. 
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RESULTS 
Stability of the ·outer membrane ATPase during storage 
Isolated outer membranes from rat spleen mitochondria suspended 
in Hepes buffer (50mM adjusted to pH 7~4 with KOH) can be stored in 
liquid N2 for several weeks without significant 10$5 of the ATPase 
activity (Fig. 4.1). At higher storage temperatures (e.g., -20°C) the 
enzyme was very unstable and lost its activity progressively at the rate 
of about 13-15% per day (Fig . 4.1). The stability of this preparation 
in liquid N2 is quite comparable to that of the purified beef heart F1 
enzyme described by Horstman and Racker (1970). Repeated freezing and 
thawing caused little change in its activity, in contrast to the increase 
in specific activity of the F1 enzyme observed by Pullman et al. (1960). 
The unchanged specific activity of the outer membrane preparation is 
·.. : .... 
consistent with the absence of an inhibitor protein of the type which 
copurifies with and dissociates from the F1-preparation on repeated 
freezing and thawing (Pullman and Monroy, 1963), so raising the specific 
activity. 
4.4.2 Dependence of the outer membrane ATPase on pH and temperature 
The effect of varying the pH on the hydrolysis of [y 32 PJ-ATP 
by the outer membrane fraction is shown in Fig. 4.2. There was a broad 
activity maximum centering on neutral pH, with no measurable activity 
either below pH 5.5 or above pH 9.5. The enzyme protein may become 
denatured at these extreme pH ranges and consequently lose its activity. 
In contrast, it has been demonstrated with heart mitochondria that the 
activity of the Mg 2 +-stimulated external ATPase increases in response to 
increasing pH (in the range of pH 7.0 to pH 10) (Chao and Davis, 1972). 
It was suggested that the reaction buffer has more capacity to neutralise 
Fig.4.3 
/ 
Effect of temperature on the outer-membrane ATPase of rat spleen 
mitochondria 
(a) ATPase activity (v ) of the outer-membrane fraction (Sqµg 
of protein) was assayed after preincubation at the indicated temperatures 
. ·. . - - '. ._ . . . -
for 10 min. The results of tri plicate determin~~ions are expressed as 
means± S.E.M. (bars). (b) Same values as in (a) replotted as an Arrhenius 
-- . 
plot with Ea values (given in parentheses) in kJ/mol. 
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the protons (H) that are liberated from the hydrol ysis of ATP in the 
higher pH ranges (above pH 8.0) and is therefoTe capable of enhancing 
the activity (Chao and Davis, 1972). 
The activity of the enzyme responded si~noidally to increasing 
temperature between 0°C and 55°C (Fig. 4.3a). Complete inactivation was 
observed at 60 °C, indicating that denaturation of the enzyme protein 
occurred between 55°Cand 60°C . A typical twofold increase in the activity 
occurred when the temperature was raised through 10°C from 22°C to 32°c. 
An Arrhenius plot of the temperature-dependent rise in activity (Fig. 
4.3b) shows a clear change in the slope at 22°C, which is consistent 
with a phase transition in the outer membrane phospholipids at this 
temperature (Grisham and Barnett, 1973). A threefold decrease in the 
activation energy of the reaction (E) was observed at temperatures above 
a . . 
22°C (E = 144 kJ/mol) compared with that calculated below the transition 
a 
temperature (E = 408 kJ/mol). 
- -a 
4.4.3 Effective substrate 
Both intact mitochondria and the outer membrane preparation were 
. . 
used to determine the kinetic constants of the ATPase. In both cases, 
oligomycin (lOµg/mg of protein) and atractyloside (50).!M) were included 
in the reaction mixture to eliminate possible interference from the ATPase 
activity of the matrix space. Since the outer membrane ATPase is totally 
inactive in the absence of an added bivalent metal ion (both in situ 
and in the outer membrane preparation), its natural substrate must be a 
nucleoside triphosphate-bivalent metal ion complex. When intact mito-
chondria were used, the ATP concentration was fixed at 300µ~, and the 
enzyme responded to variation in free 2+ . Mg concentration in a hyperbolic 
manner to give a K value for Mg 2 + of approximately SOµM (Fig. 4 .4a). 
m 
Similarly, when the free Mg 2+ concentration was fixed at 3.0mM, variation 
in the ATP concentration gave a K value for ATP that was practically 
m 
Fig.4.4 Determination of kinetic constants of rat spleen mitochondrial 
ATPases, using i~olated intact mitochondria 
ATPase ~ctivity wa~ measured ~s described _in the text. The 
basic reaction medium contained sucrose (250mM), Hepes (2SmM; pH 7.4), 
oligomycin (lOµg/mg protein) and atractyloside (SOµM). The following agents 
were also present: in Fig. (a) - ATP (300µM), EDTA (l.OmM) and a range of conc-
entrations of free Mg 2+ (calculated from total Mg 2+ as described in Chapter 
II) as shown in ~he Figure; in Fig. (b) - MgC~2 (~.OmM) an1 a range of 
ATP conc_en~rations_ as ~ndi~ated in the Figur~; and in Fig. (c) - atrac-: . 
tyloside and oligomycin we~e not included _i~ _the reacti~n me1ium. ATP 
. . 
was added to give the different concentr~!ions shown _in the Figure. The 
values were calculated from an average of 3 experiments . 
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Fig.4.5 Determination of kinetic constants of the oligomycin-insensitive 
ATPase from the outer membranes of rat spleen mitochondria 
ATPase activity was measured as described in the Experimental 
section. The basic reaction medium contained Hepes (25rnM; pH 7.4), 
oligomycin ( lOµg/mg protein) and atractyloside (SOµM). The following agents 
were also present: in Fig (a) - ATP( f wxeq ~t 100µM) and a range of cone-
2+ entrations of free Mg as shown in the Figure; in Fig (b ) ATP (SOOµM) and a 
range of free Ca 2 + concentrations as shown in the Figure; and in Fig (c) -
Mg 2 + ( 3.0rnM) and a range of ATP concentrations as shown in the Figure. Free 
concentrations were calculated rom the total metal ion Ca 2 + and Mg 2 + 1.·on · f 
concentrations as described in Chapter II. The values are calculated from 
average of 3 experiments. 
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identical (SOµM) (Fig. 4.4b). Thus, MgATP_rather than free ATP appears to 
be the effective substrate. 
In the second case, when the outer membrane preparation was used, 
the kinetic constants were determined under identical conditions; in 
addition, ATP was fixed at three concentrations (100, 300 and SOOµM) to 
determine the K value for Mg 2 + (Fig. 4.Sa). In all cases the K values 
· m m 
were comparable to those obtained with intact mitochondria. The 11-fold 
increase in the V is quite compatible with the increase in specific 
max 
activity observed with outer membrane preparations (Chapter III; 
Vijayakumar and Weidemann, 1976). Because the basic kinetic constants 
measured in situ appear to be unaltered in isolated outer membranes, the 
kinetic constants for Ca 2 + were determined with the outer membrane prep-
aration alone (Fig. 4.Sb). When the ATP concentration was fixed at SOOµM, 
variation in free Ca 2 + gave a K value of 6.7µM for Ca2 +, which was about 
m 
one-eighth of that observed with Mg 2 + (Fig. 4.Sc). With Ca2 + the V 
max 
was only about 80% of the activity stimulated by Mg 2 +. 
The K value of the outer membrane ATPase for ATP (SOµM) is much 
m 
higher than that observed with the atractyloside- and oligomycin-sensitive 
ATPase, which does not require added Mg 2 + (Fig. 4.4c). The K for ATP 
m 
in this case (llµM) is the same order of magnitude as that reported for 
the adenine nucleotide translocase of both liver and heart mitochondria 
(Weidemann et al., 1970) which the substrate must encounter before entering 
the mitochondrial matrix. 2+ The lack of requirement for added Mg can be 
explained by the dependence of the oligomycin-sensitive reaction on end-
ogenous Mg 2 + present in the matrix, as mitochondria depleted of bivalent 
metal ions with the ionophore A23187 (Reed and Lardy, 1972) failed to 
show any ATPase activity in the absence of added Mg 2 + (see Chapter III). 
Table 4.1 
Effect of bivalent metal ions, ·irt ·the presence and ·absence of Mg 2+, on outer membrane ATPase activity 
ATPase activity was assayed in the reaction medium described in the text, by using either the outer membrane preparation 
(40µg) or intact mitochondria (lOOµg). MgCl2 was excluded from the medium when the specificity of the enzyme for 
bivalent metal ions was studied; the calcium concentration of the reaction mixture when reagent grade salts of Mg 2+, 
Mn 2+, Cu 2+, Co 2+, Sr2+, Ba2+ and Ni 2+ were present was estimated by atomic absorption spectrophotometr¥ (Pybus, 1969) . 
The ATPase activity stimulated by various bivalent metal ions is expressed as a percentage of the Mg 2 -stimulated 
activity. The values were calculated from an average of 4 experiments and are given as averages± S.E.M. n.d. = not 
determined. 
ADDITIONS INTACT MITOCHONDRIA OUTER MEMBRANE .FRACTION 
Calcium concn. of Plus Plus 
medium (µM) No addition MgCl2 . (5. OmM) No addition MgCl~ (5.0mM) 
MgCh (5. OmM) 1.05 100 89. 5 ± 7. 2 100 93.7±1.6 
CaCh (3.0mM) 3000.00 88.0 ± 4.7 96.8 ± 5.4 78.5 ± 1.9 70 . 2 ± 3. 9 
MnCh (3.0mM) 0.90 53.9 ± 2.3 59.1 ± 3.1 51.7±1.5 46. 7 ± 1.4 
CuCh (3.0mM) 0 .54 32 . 0 ± 4.8 29. 3 ± 4 .1 29. 3 ± 4 .1 32.1 ± 6.4 
CoCh (3.0mM) 0.96 24.9 ± 6.4 28.1 ± 2.8 26. 2 ± 1. 5 26.6 ± 2.3 
SrCh (3. OmM) 1.41 16.1 ± 3.1 101.4 ± 7 .8 22.8 ± 1.8 84.8 ± 3.3 
BaCh (3.0mM) 0. 72 13.5 ± 2.5 102.9 ± 6.9 20.2 ± 0.9 86.3 ± 8.1 
ZnCh (3.0mM) nd 11.4±1.7 20. 2 ± 1. 9 15.6 ± 0.6 23. 7 ± 1. 4 
CdCI2 (3. OmM) nd 16.6 ± 3.6 18.9 ± 3.1 14.4 ± 2.4 19.1 ± 5.3 
NiCh (3.0mM) 1. 26 10.1 ± 2.1 17.1 ± 3.2 10.2 ± 1.0 15.7 ± 1.8 
..... 
.i,. 
.i,. 
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Table 4.2 
Ability of various nucleoside ·triphosphates to ·replace 'ATP as substrate 
for the rat spleen mitochondrial outer membrane ATPase 
ATPase activity of the mitochondrial outer membrane preparation (SOµ~ of 
protein) was assayed as described in the text. MgClz (4.0mM) and [y- 2 P] 
ATP (O.lmM; 1.5 x 10 5 d.p.m.) -were added uniformly in all incubations. 
All values where unlabelled nucleoside triphosphates (1. OrnM) were added 
are expressed as a percentage of the 32 P released at saturating concen-
trations of [y- 32 P] ATP (O.lmM). The values are from an average of 
3 experiments and are given as averages± S.E.M. 
ADDITIONS 32p LIBERATED (%) 
None 100 
ATP 33:9 ± 3.1 
GTP 89.9 ± 6.4 
L'TP 86.9 ± 4.7 
CTP 87.7 ± 2.9 
ITP 69.2 ± 3.2 
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4.4.4 Bival ent-metal-ion specificity 
A spectrum of bivalent metal ions was used to test (i) their 
ability to support ATP hydrolysis independently of Mg 2 + and (ii) their 
ability to modify the Mg 2 +-stimulated ATPase activity (Table 4.1). 
2+ Mg was the most effective metal-ion activator, although it could be 
replaced by Ca 2 + with only 20-30% loss of activity. ~~ 2 + alone was SO% 
less effective than Mg 2 \ whereas Co 2 \ Sr 2 \ Ba 2 \ Zn 2 \ Cd 2 + and Ni 2+, 
in decreasing order of efficiency, supported very little ATP hydrolysis. 
The small amount of hydrolysis found with these ions can mostly be 
2+ 
accounted for by the presence of Ca , for which the enzyme has a very 
low K (Fig. 4.Sb), as a contaminating ion in the analytical reagent 
m 
grade salts used (Table 4.1). The most striking observation was made 
with Cu2 +, which supported ATP hydrolysis at high concentrations (3.0m.~) 
but was a very effective inhibitor at low concentrations (see Fig. 4.7). 
The bivalent metal ion dependence was almost identical whether the 
experiments were conducted in situ or with the outer-membrane preparation. 
Ca 2 +, however, inhibited the Mg 2+-stimulated ATPase activity more strongly 
when the outer membrane preparation was used. 
4.4.5 Nucleoside triphosphate specificity 
To determine the specificity of the nucleoside triphosphates, 
the liberation of 32 P. from [y- 32 P] ATP added at saturating concentration 
1 
(lOOµM) was measured in the presence of a tenfold excess (l.OmM) of either 
unlabelled ATP or one of several competing unlabelled nucleoside tri-
phosphates (Table 4.2). The specificity of the reaction for ATP was 
shown clearly by the strong inhibition of 32 P. release by unlabelled 
1 
ATP (a decrease to only 34% of the control rate). Of the other unlabelled 
nucleoside triphosphates tested, only ITP produced a significant diminution 
in 32 P. release, decreasing the rate to 69% of the control value. Thus, 
1 
ITP is able to replace ATP with approximately SO% efficiency. 
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Table 4. 3 
Effect of various glycolytic intermediates on Mg2+-stimulated state-3 
respiration by rat spleen mitochondria 
Mg 2+-stimulated respiration by rat spleen mitochondria was measured as 
described in the text, and was taken as 100%. Various glycolytic inter-
mediates were added at the concentrations indicated, and the new rate of 
respiration was expressed as the percentage of Mg 2+-stimulated activity; 
where applicable, the cytoplasmic extract (100µ1) was added before the 
rate of respiration was measured. The values are averages of duplicate 
experiments. 
ADDITION ACTIVITY(%) 
Cytoplasmic Extract 
(-) (+) 
Mg2+ . 100.0 102.1 
glucose (5 mM) 98.7 87.6 
glucose-6 phosphate (1. 5rnM) 106.8 114 .5 
fructose-6 phosphate (3 rnM) 101. 2 107.3 
fructose-diphosphate (O. 5rnM) 114.4 118.3 
3-phosphoglycerate (2 mM) 128.0 121.2 
2:3 diphospho glycerate- (2 rnM) 126.2 127.0 
dihydroxy acetone 
phosphate (2 rnM) 129.2 138.7 
glyceraldehyde 
di phosphate (2 rnM) 106.4 111. 2 
phosphoenol-
pyruvate (2 rnM) 93.3 87.6 
lactate (3 mM) 84.4 87.2 
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4.4.6 Influence of possible effector mole~ules on the Mg 2 +-stimulated 
respiration (external ATPase activity) of rat spleen mitochondria 
In the design of this experiment, rat spleen mitochondrial 
respiration was monitored as described in the Experimental section, in a 
reaction medium containing a respiratory substrate (e.g., succinate, 2II\I~) 
and ATP (lmM). The state-3 respiration was stimulated by adding Mg 2 + 
(>lSOµM), and the stimulation was taken to be a measure of the ATPase 
activity of the outer membranes. This assumption is based on the observ-
ation that Mg 2 + stimulates the outer membrane ATPase in the presence of 
ATP, giving rise to ADP which, in turn, stimulates state-3 respiration. 
A variety of effector molecules was tested in an attempt to scan several 
chemically- or metabolically-related groups of molecules, which either 
have been reported to be effectors of ATPases or for which some regulatory 
role might be expected on teleological grounds. The concentrations used 
were not intended to approximate physiological levels, but were high 
enough to ensure that a~y potential effect would be seen. The effect of 
a cytoplasmic extract (100µ1) on the state-3 respiration was also tested 
in the presence of the ligands. listed below, as the expression of modulatory 
activity might require the presence of a cytoplasmic protein component to 
act as the actual ligand-induced activator or inhibitor. 
The ability of various glycolytic intermediates to modulate the 
Mg 2 +-stimulated state-3 respiration is shown in Table 4.3 . Of the inter-
mediates tested, the triose phosphates (e.g., 3-phosphoglycerate, 
dihydroxyacetone phosphate, etc.) appeared to be mild activators, whilst 
phospoenol-pyruvate and lactate were mild inhibitors. The other glycolytic 
intermediates tested had no significant effect. The cytoplasmic extract 
had no significant additional effect although, in its presence, glucose-6 
phosphate became slightly stimulatory. 
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Table 4.4 
Effect of various tricarboxylic acid cycle ·intermediates on the regulation 
of Mg2 +-stimul ated state-3 r espiration by rat spleen mitochondria 
Conditions for the measurement of mitochondrial respiration are+giv~n in 
the Table 4.3. All values are expressed as a percentage of Mg 2 -stimulated 
respiration. 
ADDITION ACTIVITY (%) 
Cytoplasmic Extract 
(-) (+) 
pyruvate (3.0mM) 113.6 126.4 
a-oxoglutarate (3.0mM) 122.3 131.7 
citrate (3.0mM) 108.7 116.4 
succinate (2.0mM) 102.9 107.0 
furnerate · (2 .SmM) 102.0 114.8 
malate (3.0mM) 106.2 103.0 
oxalacetate - (3.0mM) 98.9 97.2 
acetyl-CoA (2 .OmM) 116.4 113.8 
coenzyme-A (1. OmM) 106.3 112 .6 
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Table 4 . 5 
Effect of amino acids in the ·modulation of Mg 2 +-stimulated state-3 res-
piration by rat spleen mitochondria 
Conditions for the measurement of mitochondrial respiration are given in 
the Table 4 . 3. All values are expressed as a percentage of Mg 2 +-stimulated 
respiration. 
ADDITION ACTIVITY (%) 
Cytoplasmic Extract 
(-) (+) 
alanine (2. 5rnM) 85.5 85 .3 
argin~ne (2.5rnM) 92.6 107 .4 
glutamine (2. 5rnM) 112 .8 123.4 
glutamic acid (3 . OrnM) 109.4 120.6 
aspartate (3 .OrnM) 110.5 111.3 
cystine (C-S-S-C) (3.0mM) 97 .2 93.7 
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Table 4.6 
Effect of a variety of possible metabolic intermediates on the modulation 
of Mg 2 +-stimul ated state-3 respiration by rat spleen mitochondria 
Conditions for the measurement of mitochondrial respiration are as given 
in the Table 4.3. All values are expressed as a percentage of Mg 2 +-
stimulated respiration. 
ADDITION ACTIVITY (%) 
Cytoplasmic Extract 
(-) (+) 
3-hydroxybutyrate (3.0mM) 110.0 107.2 
creatine phosphate (2.0mM) 114.9 104. 2 
creatine (2. OrnM) 108.0 107.8 
potassium acetate (2. OrnM) 121.1 117 .6 
carnitine (2. OrnM) 111.0 116.3 
glutathione 
(a) reduced (1. OrnM) 108.2 118.6 
(b) oxidised (1. OrnM) 116.1 115 .5 
cyclic AMP (1.0rnM) 122.0 108. 7 
cyclic GMP (0. 5rnM) 107.6 108. 7 
AMP (1. OmM) 126.7 133.2 
GDP (1.0mM) 112.0 116.1 
IDP (1. OrnM) 97.8 107.8 
adenine (2. SrnM) 81.1 85.8 
adenosine (2. 5rnM) 83.5 86.1 
xanthine (2.SmM) 95.8 104.1 
hypoxanthine (2. 5rnM) 93.7 101.6 
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When various tricarboxylic acid cycle intermediates were tested, 
the two a-oxo acids (pyruvate and a-oxo glutarate), c i trate and acetyl-
CoA stimulated the activity moderately (10-25%) whilst the other inter-
mediates were without significant effect (Table 4.4). The cytoplasmi c 
extract had no influence on the rates of respiration observed with any 
of these intermediates . 
Table 4.5 shows that none of the amino acids tested, with the 
exception of glutamine, glutamate and aspartate, which caused a moderate 
0 2+ . d stimulation (about 10-20~), were able to influence the Mg - stimulate 
state-3 respiration. A variety of other compounds (listed in Table 4.6) 
were without significant effect on the state-3 respiration induced by 
2+ Mg , except for a mild stimulation by carnitine, potassium acetate, 
cyclic AMP and 5'-AMP. An obvious explanation for the 30% increase in 
the state-3 respiration in the presence of AMP would be the production of 
ADP through the action of adenylate kinase which utilises ATP and AMP in 
the presence of Mg 2 +, as shown: 
ATP+ AMP 
+ adenyl ate kinase 2 ADP 
With the exception of adenine and adenosine, which inhibited the Mg 2 +-
induced state-3 respiration by approximately 20%, none of the substances 
tested inhibited the activity significantly . Obviously , this method 
contains many factors apart from the outer membrane ATPase that are 
instrumental in inducing state-3 respiration by Mg 2 +-ions. Hence, to 
avoid interference from other membrane components, outer membranes were 
isolated from spleen mitochondria and the effects of various compounds 
were tested on the ATPase activity directly. 
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Table 4.7 
Effect of monovalent cations on the outer membrane ATPase activity from 
rat spleen mitochondria 
The ATPase activity of mitochondrial outer membranes (50µg of protein was 
assayed as described in the text. Where indicated, ouabain ll.OmM) and/ 
or univalent cations, at the concentrations indicated in this Table, 
were present in the reaction medium. The results are expressed as a 
percentage of Mg 2+-stimulated activity, which was taken as 100%. 
-- · -. 
ADDITION ACTIVITY (%) 
Ouabain 
(-) (+) 
MgCl2 - (5. OmM) 100 96.5 
plus {NaCl (150mM) 105: 7 104:5 KCl (5. OmM) 
plus NaCl (20 mM) 109 .1 107.6 
(500mM) 83.2 79 . 8 
plus KCl (20 mM) 107.6 " 105. 3 
(500mM) 108.4 103 .2 
plus LiCl (20 mM) 93·.1 101.5 
(500mM) 71 . 7 65.6 
plus CsCl (20 mM) 101.5 99.2 
(500mM) 74.6 69.8 
plus ITT>Cl (20 mM) 108.8 97.7 
(500mM) 80.8 78.7 
plus NH4Cl (20 mM) 106.1 107.9 
(500mM) 69.4 66 .5 
Fig.4.6 Effect of univalent cations on spleen mitochondrial outer-membrane 
ATPase _activity 
ATPase. activity was assayed by using mitochondrial outer membranes 
(SOµg of protein) as described in the text, at different concentrations of 
univalent cations: + + + + + Na ( • ) ; Na + K ( 5. OmM) ( 0 ) ; K + Na ( 5. OmM) ( ~ ) ; 
+ K ( A ) . 
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Fig.4. 7 Effect of various bivalent metal ions on Mg 2 +-stimulated ATPas e 
of rat spleen mitochondria 
ATPase activity (v) was assayed by using mitochondrial outer 
membranes (SOµg of protein) as described in the text, at different conc-
entrations of bivalent metal ions. Except where variation in the Mg 2 + 
concentration itself was tested MgC1 21 was always present at 5.0mM . 
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4.4.7 Stimulation and inhibition by univalent cations 
+ + The effect of Na and K was tested over a wide concentration 
range (O-SOOmM) (Fig. 4.6). Both metal ions stimulated the Mg 2+-dependent 
ATPase activity (about 15%) at concentrations below SOmM whilst, at SOOmM, 
+ + + Na but not K was inhibitory. When SmM-K was included in the incubation 
medium, the inhibitory effect of Na+ at SOOmM was slightly relieved, 
+ + 
whilst SmM-Na produced a mild inhibition of the K -stimulated activity. 
When the effect of low concentrations (20mM) of a variety of 
univalent cations (Li+, Cs+, Rb+ and NH 4+) was tested on the Mg 2+-stirnulated 
ATPase activity (Table 4.7), all except Li+ were slightly stimulatory 
(<10%). This stimulation was insensitive to ouabain, which rules out the 
possibility that it may have been due to the presence of contaminating 
- + As shown for Na (Fig. 4.6), all plasma-membrane or microsomal enzymes. 
of the univalent metal ions except K+ inhibited the Mg 2+-stimulated 
activity by 20-30% at SOOmM. 
4.4.8 Bivalent metal ion inhibitors 
The magnitude of the inhibition of the outer membrane ATPase by 
bivalent metal ions (Table 4.1) was studied at fixed concentrations of 
ATP (2.0mM) and Mg 2+ (5.0mM) (Fig. 4.7). When the concentration of 
. . ( 2+ 2+ 2+ d N . 2+) . d inhibitory metal ions e.g., Cu , Co , Zn an i was increase 
up to 1.0mM, there was a strong progressive inhibition of Mg 2+-stimulated 
ATPase activity. Calculation of the K. value for each metal ion as 
i 
2+ described by Dixon and Webb (1964) showed that Cu was the strongest 
and Co 2+ the weakest inhibitor in the order: Cu 2+ (K. = 90µM)>Ni 2+(K. i i 
Whilst Cu 2+ inhibited the = 510µ.\1) Zn 2+(K. = 680µM)>Co 2+(K . = 1020~1). 
i i 
activity of the enzyme very strongly up to lOOµM, at higher concentrations 
(up to lOmM) it also behaved as a substrate and restimulated the ATPase 
activity up to 25% of the uninhibited Mg 2 +-stirnulated rate. Although 
Mg 2+ and Ca 2+ were the most effective bivalent metal ion activators, 
157 
Table 4.8 
Effect of various inhibitors ·on spleen mitochondrial outer membrane ATPase 
ATPase activity was assayed as described in the Experimental section, 
by using either intact mitochondria (lOOµg of protein) or outer membrane 
preparations (40µg of protein). Inhibitors were added to give the final 
concentrations indicated in the Table. Values are given as an average 
of duplicate experiments. 
Additions 
MgCl2 
N,N'Dicyclo-
hexylcarbodiimide 
Oligomycin 
(µg/mg of 
protein) 
Mersalyl 
N-Ethyl-
maleimide 
NaF 
AgN03 
Concn. (mM) 
5.0 
0.01 
0.10 
0.5 
5.0 
10 .0 
0.01 
0.10 
- 0.001 
0.005 
0.010 
0.004 
0.010 
1.0 
10.0 
0.01 
0.10 
0.50 
ACTIVITY (%) 
Intact 
Mitochondria Outer Membranes 
100 100 
96.7 
92 ·.9 91. 7 
95.6 
98.1 97.2 
92.7 · 91.4 
9L8 91. 2 
89.9 84.0 
. . .. 
&9.6 
93·, 7 92.4 
87.3 91.5 
88.8 96.2 
88.5 95.3 
87.2 98.7 
40.8 40.2 
87.4 
55.2 54.5 
61. 7 42.3 
Fig.4. 8 
/ 
Influence of ADP, AMP and P. on the ATPase activity of rat spleen 
1 
mitochondrial outer membranes 
ATP activity (v) was assayed in mitochondrial outer membranes - ·csoµ g 
of protein) as described in the text at a fixed-, saturating concentration 
of MgATP (2.0mM), under conditions where the concentrations of ADP, AMP 
and P. were varied. The inset shows the values in the presence of ADP 
1 
replotted by the method of Dixon and Webb (1964). 
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they were slightly inhibitory in the higher concentration range (Fig. 4.7). 
4.4 . 9 "Membrane-bound ATPase" inhibitors 
The inhib itors oligomycin, N,N'dicyclohexylcarbodiimide and NaN 3 , 
which inhibit oxidative phosphorylation and the partial reactions catalysed 
by mitochondrial ATPases (Pedersen, 1975; Pedersen, 1976) had little 
effect on the outer membrane ATPase activity (Table 4.8). Mersalyl, 
which is a potent inhibitor of the sarcoplasmic-reticulum ATPase · 
MacLennan, 1970), produced very little inhibition of the outer membrane 
ATPase (Table 4.8). 
4 . 4 . 10 Effect of other compounds on ATPase activity 
No significant i'nhibition of the outer membrane ATPase was 
detected with the thiol-specific reagent N-ethylmaleimide or with low 
concentrations of NaF (1.0mM) and AgN0 3 (lOµM). (Table 4 .8). However, 
about 60% inhibition was observed at very high concentrations of NaF 
(lOmM) and AgN0 3 (0.5mM) (Table4.8),which may be non-specific effects. 
4 . 4.11 End-product inhibition 
When the effect of P. was tested over a wide concentration 
J. 
range (0-20mM), it failed to produce any significant inhibition of the 
reaction (Fig. 4.8) . 
At saturating [y- 32P]MgATP concentrations, MgADP but not MgAMP 
caused a large and significant inhibition of ATP hydrolysis, with a ~i 
value of 0.7mM (inset, Fig. 4.8). At three concentrations of MgADP, the 
K value for MgATP increased with increasing MgADP concentration, whereas 
.m 
the V was unchanged (Fig. 4.9). This observation is consistent with 
· max 
the view that MgADP inhibits the enzyme by competing with MgATP directly 
for occupation of the catalytic site. In the absence of added MgADP, and 
also at all three MgADP concentrations tested, titration of the ATPase 
Fig.4.9 Competitive inhibition of the Mg 2+-stimulated outer-membrane 
ATPase of rat spleen mitochondria by MgADP 
ATPase activity was assayed over the [y- 32 P]ATP concentration 
range 0.01-2.0mM, by using mitochondr~al outer membranes (SOµg ·of protein). 
In each experimen~ the initial ADP concentration was set as indicated in 
the Fig. MgCl2 was added in all cases to give a final concentration of 
4.0mM . The double -reciprocal plot -. is expressed as th~ reciprocal of the 
reaction rate (v) against 1/[ATP] at each ADP concentration tested. 
C 
·s 
~ 
0 
.. 
Cl 
~ 
0 
0) 
E --.. 
.. N 
~ lo 
-C )( 
.E 
-I> 
....... 
ii: '--' 
U) 
0 
E 
::J.-. 
-0-02 
-0·01 
0·8 
0·6 
0·4 
I K,/ 
0·2 
0 0.01 
_,,,..-
0-02 0.03 
1 
ATP (mM) 
No ADP 
CHM 0.05 
~ 
0, 
C 
161 
activity with MgATP gave conventional Michaelis-Menten kinetics (Hill 
coefficient h = 1.0), indicating that the presence of more than one type 
of binding site for MgATP is unlikely. 
4 .5 DISCUSSION 
4 .5.1 Substrate specificity of the outer membrane ATPase 
The ability of the rat spleen mitochondrial outer membrane ATPase 
to catalyse ATP hydrolysis in the presence of Mg 2 +, Ca 2 + and Mn 2 + (Table 
4.1) is similar to that of the bacterial ATPase (Hachimori et al., 1970) 
and shows the same order of specificity. At equimolar concentrations, 
Co2 + is only one-third as potent an activator as Mg 2 +, whereas it supports 
high rates of ATP hydrolysis by the inner membrane ATPase and Fi-preparations 
of heart and liver mitochondria (Pullman et al . , 1960; Cooper and Lehninger, 
1957). Although Ca 2 + is essentially without effect on the oligomycin-
sensitive ATPase (Tzagoloff et al., 1968) and is only 50% as effective 
as Mg 2 + in activating the ATPase of F1 preparations (Pullman et al., 
1960; Pedersen, 1975), its ability to support ATP hydrolysis by the outer 
2+ 
membrane enzyme approaches that of Mg (Table 4.1). Stimulation of the 
2+ 2+ 2+ 
outer membrane ATPase by Mg does not require added Ca , as Mg can 
produce optimal activity even in the presence of 1.0mM-EGTA (Vijayakumar 
and Weidemann, 1976). Addition of Ca 2 + does not further enhance the Mg 2+-
stimulated activity; on the other hand, it behaves as a mild inhibitor 
when the outer membrane preparation is used (Table 4.1; Fig. 4.7). These 
2+ 2+ . 1 d properties are comparable with those of the Ca -independent, Mg -stimu ate 
ATPase activity of the delipidated sarcoplasmic-reticulum preparation 
studied by Walter and Hasselbach (1973), although the native form of that 
2 + 2 + 19 ) enzyme requires both Ca and Mg for full activity (MacLennan, 70 . 
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The difference in effect of the va.rtous bivalent metal ions on 
Mg 2 +-stimulated ATP hydrolysis can be explained in terms of their affinity 
f or ATP. Cu 2 + for instance, binds ATP 120 times as strongly as Mg 2 + 
(Sillen and Martell, 1971) and effectively displaces Mg 2 + from the MgATP 
complex, which explains the strong inhibition when Cu2 + is added at much 
lower concentration (<lOOµM) than Mg 2 + (5.0mM) (Fig. 4.7). Similarly, 
Ni 2 + and Co 2 + have 3-6 times higher affinity for ATP than Mg 2 + 
(Sill en and Martell, 1971), which is consistent with their ability to 
inhibit Mg 2 +-stimulated ATP hydrolysis (Fig. 4.7). The inability of 
Ca 2 +, Sr2 + and Ba2 + to inhibit the Mg 2 +-stimulated ATPase activity in 
intact mitochondria (Table 4.1) is compatible with their lower affinity 
. . 2+ 
for ATP compared w1 th Mg (Sillen and Martell, 1971). The response of 
the outer membrane ATPase to bivalent metal ions in direct proportion 
to their relative ability to bind ATP supports the view that the effective 
substrate is a bivalent metal ion-nucleoside triphosphate complex. 
The nucleoside rriphosphate specificity of the enzyme (Table 4.2) 
is similar to that of the oligomycin-sensitive ATPase of heart and liver 
mitochondria (Tzagoloff et al., 1968; Cooper and Lehninger, 1957), 
chloroplasts (Vambutas and Racker, 1965) and bacteria (Hanson and Kennedy, 
1973) in that it catalyses the preferential hydrolysis of purine nucleoside 
triphosphates, with ATP being hydrolysed at about twice the rate of ITP. 
ITP can also partly displace the atractyloside-insensitive [ 14 C] ADP 
binding to ox heart mitochondria (Weidemann et al., 1969), which is 
compatible with the presence of a purine-nucleoside-binding protein 
located outside the atractyloside barrier in mitochondria of heart (Chao 
and Davis, 1972) and spleen (Vijayakumar and Weidemann, 1976). It is 
suggested that the atractyloside-insensitive binding site for ITP and ADP 
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in these mitochondria could be the outer m~mbrane ATPase. 
The double-reciprocal plot obtained with the outer membrane ATP-
ase of rat spleen mitochondria when the concentration of MgATP is increased, 
differs markedly from that observed with the rat liver mitochondrial 
ATPase. Since the oligomycin-sensitive ATPase of liver mitochondria 
has two interdependent nucleoside-binding sites (Koshland, 1970; Kitiakowsky 
and Rosenberg, 1952) similar to ox heart F1 preparations (Penefsky, 1974), 
and a separate modifying site for anions (Alberty et al., 1954; Frieden, 
1964; Pedersen, 1976), it gives a curvature in the double-reciprocal 
plot (that becomes linear only on addition of anions) when MgATP is the 
sole substrate (e.g., P. J (Ebel and Lardy, 1975). In contrast, the outer 
1 
membrane ATPase gives a linear double-reciprocal plot even in the 
absence of added anions (Fig. 4.9), which suggests that the modifying 
site is absent in this case. Lack of stimulation of the outer membrane 
ATPase by P. (Fig. 4.8) provides additional support for the absence of 
1 
the modifying site. 
4.5.2 Inhibition of the outer membrane ATPase 
Competitive inhibition of the outer membrane ATPase by ADP (Fig. 
4.8) is similar to that reported for F1-preparations from chloroplasts 
(Vambutas and Racker, 1965) and bacteria (Schnebli and Abrams, 1970). 
Further, the addition of ADP increases the K value for MgATP without 
m 
changing the V or the linearity of the double-reciprocal plot (Fig. 
max 
4.9), which suggests that this enzyme has only one nucleotide binding 
site for which both ADP and ATP compete. AMP does not inhibit the activity 
of either the outer membrane ATPase (Fig. 4.8) or the oligomycin-sEnsitive 
ATPase of rat liver mitochondria (Catterall and Pedersen, 1972). This 
observation is in agreement with the . inability of F1 preparations from 
rat liver (Catterall and Pedersen, 1972) and ox heart (Harris et al., 
1973) to bind AMP. 
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Specific inhibition of mitochondrial resoiration and the partial 
reactions of oxidative phosphorylation by oligomycin and N, N'dicyclohexyl-
carbodiimide (Bulos and Racker, 1968; Lardy et al., 1958) is dependent 
on an oligomycin-sensitivity-conferring protein (Beechey et al., 1967). 
The insensitivity of the outer membrane ATPase to these inhibitors 
(Table 4.8) argues against such a protein subunit being associated with 
it. In addition, the outer membrane ATPase is insensitive to NaN 3 
(Table 4.8), which is a direct specific inhibitor of the Fi-enzyme 
(Slater, 1955). These findings distinguish the outer membrane ATPase 
from the oligomycin-sensitive enzyme both in its native and Fi-forms. 
Further, the insensitivity of the outer membrane enzyme to thiol-specific 
reagents (Table 4.8) rules out the possibility that accessible thiol 
groups are involved at the active site. 
Although the oligomycin-sensitive ATPase isolated from mitochondria 
catalyses the hydrolysis of ATP in vitro, it also functions in the direction 
of ATP synthesis if en~rgy is provided in the form of a membrane potential 
or an ion-gradient (Skulachev, 1974; Moyle and Mitchell, 1975; Racker, 1972). 
There are a family of ATPases from the membranes of many organelles 
(e.g., nucleus, microsomes, sarcoplasmic ret~culum, etc.) and plasma 
membranes which act as powerful ATP-hydrolyzing enzymes in the presence 
2+ 2+ + + 
of activating metal ions (e.g., Mg , Ca , Na, K, etc.), but very 
little is known about their potential ATP-synthesizing ability in vivo . 
If the overall sum of the competing reactions involved in the formation 
of ATP by mitochondrial oxidative phosphorylation (200 nmoles of ATP 
formed/min per mg protein; Chao and Davis, 1972) and the hydrolysis of 
ATP by a variety of ATPases (microsomal, nuclear and sarcoplasmic 
reticulum) is considered, it is evident that more ATP would be hydrolyzed 
than formed, at least under the experimental conditions used in vitro. 
Accordingly, these reactions should result in a low steady-state 
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concentration of ATP/ADP in the cytoplasm. In contrast, in freeze-clamped 
spleen slices, for example, a rather high ATP/ADP ratio and energy charge 
ratio have been observed (Suter and Weidemann, 1976). 
It was predicted on these grounds that the activity of such 
energy-dissipating ATPases must be under the control of regulator molecules 
(e .g., metabolic intermediates, end-products, etc.) or cytoplasmic protein-
like components in vivo . Attempts were made in the present study to 
identify potential regulator molecules; none was found, however, that 
had the capability of regulating the ATPase activity to any measurable 
extent, either alone or in the presence of a cytoplasmic extract, (see 
Tables 4.3 to 4.6). These observations suggest that the cytoplasmic 
protein factor, if it exists, must be either: (a) very labile; or 
(b ) detectable only when the cytoplasmic fraction is concentrated; or 
(c) expressed in the presence of some ligand molecule that was not tested. 
Inhibitor or regulator proteins have been identified and isolated only 
in the case of mitochondrial ATP-synthase (Pullman and Monroy, 1963; 
Horstman and Racker, 1970; Van de Stadt et al., 1973; Fergusen et al., 
1977) and there are no reports of such proteins being associated with 
other membrane-bound ATPases in mammalian cells. · The likelihood of 
there being inhibitors for individual ATPases that regulate their 
activity is not known. 
4.5.3 Function of the ATPase in relation to outer membrane permeability 
Spleen mitochondria resemble kidney-cortex and heart mitochondria 
in some respects, especially in their response to added bivalent metal 
ions. Addition of Mg 2 + to all of these mitochondria prolongs state-3 
respiration (Chance and Williams, 1956) and apparently uncouples them 
(Chao and Davis, 1972; Gmaj et al., 1974; Vijayakumar and Weidemann, 
1976) and also alters their Ca 2 +-handling capacity (Gmaj et al., 1974; 
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Sordahl, 1974; Jacobus et al., 1975). It has been suggested, at least for 
rat kidney-cortex mitochondria, that a decrease observed in the transport 
2+ · 2+ 
of Ca in the presence of Mg may have been due to the involvement of 
' M 2 + . 1 d b ( . .., ) tne g -stimu ate outer mem rane ATPase GmaJ et a&., 1974 . Unlike 
liver mitochondria, spleen, heart and kidney-cortex mitochondria exchange 
externally added [14 C] ADP with only a small proportion of their endogenous 
ademine nucleotide pool (see Chapter V). Finally, all of these mito-
chondria have a Mg 2 +-stimulated ATPase associated with their outer 
membranes (Vijayakumar and Weidemann, 1976; Gmaj et al., 1974). These 
observations suggest that there may be fundamental differences in the 
permeability properties of the outer membranes of different types of 
mitochondria, although it has been generally accepted that the liver 
mitochondrial outer membrane (for example) is freely permeable to low-
molecular-weight substances (Ernster and Kuylenstierna, 1970). This 
hypothesis obviously needs more experimental support. Further work 
aimed at defining the role of the mitochondrial outer membrane ATPase 
in regulating the intracellular distribution of bivalent metal ions is 
discussed in the following chapter. 
CHAPTER 5 
POSSIBLE FUNCTIONAL ROLE OF THE OUTER 
MEMBRANE ATPase OF RAT SPLEEN MITOCHONDRIA 
CHAPTER 5 
POSSIBLE FUNCTIONAL ROLE OF THE OUTER MD!BRANE ATPa se OF RA.T SPLEE>/ 
MITOCHONDRIA 
5.1 INTRODUCTION 
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It is apparent from the findings described in the previous Chapter 
that Cu 2 + is the only agent tested that strongly influenced (inhibited) 
the activity of the ATPase from the outer membrane of rat spleen mitochond-
ria. Based on this finding, Cu 2 + has been used as a tool to inhibit the 
enzyme in an attempt to study its functional role. Since membrane-bound 
ATPases have been implicated in the transport of cations (Ca 2 +, Mg 2 +, Na+ 
+ 
and K) (see Chapter I for details), attention has been focussed on the 
possible role of this enzyme in the modulation of ion-transport by spleen 
mitochondria. Particular emphasis has been given to the transport of Ca 2 + 
as the enzyme exhibits an absolute requirement for either Ca 2 + or Mg 2 + 
for activity and has a ~igh affinity for Ca 2 +. 
A number of heavy metal ions such as Cu 2 +, Hg 2 +, Pb 2 +, etc., have 
been shown to react with components of biological membranes (Passow et al., 
1961). Such interactions can displace the components that are normally 
bound at negatively charged sites and introduce positive charges. Thiol 
groups and sites that are normally uncharged are especially vulnerable to 
modification by heavy metals (Lehninger, 1962). When the interaction is 
extensive, the lipid-protein bilayer is disrupted and this leads to the 
loss of the permeability barrier across the membrane boundary. However, 
less extensive interactions have also been shown to produce alterations 
in the functions of membranes (Hwang et al., 1972) . In isolated mi to-
chondria it has been shown that the addition of Pb 2 + (Scott et al., 1971; 
Cardona et al., 1971), Zn 2 + (Brierley et al., 1968; Jacobus and Brierley, 
1969) or Cu 2 + (Varity and Gambell, 1968) produces changes in the passive 
permeability of the membranes to cations and anions, changes in energy-
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dependent ion movements (see Parr and Harris, 1976) and changes in 
oxidative phosphorylation (Varity and Gambell, 1968). C~2+ in particular 
has been shown to be one of the most effective activators of the energy-
linked accumulation of cations by liver and heart mitochondria and is 
consequently capable of inducing high rates of swelling (Hwang et al., 
1972). 
It was observed in the present study, that Ca2+-induced swelling 
of rat liver mitochondria was enhanced by the addition of Cu2+, whereas, 
under identical conditions, the swelling of spleen mitochondria was 
inhibited markedly. Further experiments were performed to study the 
effects of Cu2+ and Mg 2+ on the 45 Ca2+-handling capacity of spleen mito-
chondria. These experiments were designed to test the hypothesis that 
the outer membranes may be less permeable- than those of liver to bivalent 
metal ions (see Chapter IV; Vijayakumar and Weidemann, 1977). Furthermore, 
the influence of the intact outer membrane and the effect of its removal 
on the translocation of_adenine nucleotides and the modulation of this 
process by bivalent cations was tested with a view to gaining insight into 
the general mechanism of metabolite transport by spleen mitochondria. 
5.2 MATERIALS 
4 5
ca, [8- 14C]-ATP, and [8- 14C]-ADP were purchased from The Radio-
chemical Centre, Amersham, U.K. Analytically pure CaCl2 , atractyloside 
and bovine serum albumin were obtained from the sources described in previous 
Chapters. All other chemicals used were of the highest purity available 
commercially. Millipore filters (0.£µ) were from Gelman Instrument Co., 
Ann Arbor, MI., U.S.A. 
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5.3 METHODS 
5.3.1 Isolation of rat spleen mitochondria, mitoplas ts and outer mem-
branes 
Mitochondria were isolated from rat spleen and liver as described 
before (Chapter II and III). The rnitoplasts and the outer membranes were 
prepared from the isolated intact rat spleen mitochondria by digitonin 
fractionation as described before (Chapter III). Mitoplasts from rat 
liver mitochondria were prepared as described by Schnaitmann et al. (1967). 
5.3.2 Measurement of mitochondrial swelling 
Mitochondria from rat liver (6mg of protein) or spleen (3mg of 
protein) were suspended in an incubation medium (2.5ml final volume) 
consisting of sucrose (250mM), Hepes buffer (lOmM; pH 7.4) and ATP (2mM) 
or succinate (2mM). When Cu 2 + was included in the incubation medium, it 
was added at the concentrations indicated in the Legends. Swelling was 
induced by addition of _Ca 2 + and was followed, using a Zeiss spectropho-
tometer attached to a Beckman recorder, by the fall in A520 • 
5.3.3 2+ . Measurement of time-dependent Ca -transport in rat spleen mito-
chondria 
Rat spleen mitochondria (1.5mg of protein) or mitoplasts (1.0mg 
of protein) were incubated for 1.0min at 10°C in a reaction chamber 
containing sucrose (250mM), Hepes buffer (lOmM; pH 7 . 4) and ATP (1 . 0mM) 
or succinate (2 . 0mM) in a final volume of 1.0ml . Ca 2 + uptake was initiated 
by adding 45Ca (2500 d.p.m./nmol) to give a final concentration of lOOµM. 
Samples (100µ1) were removed at 10s intervals for 60s and placed in 
Eppendorf centrifuge tubes containing a Ruthenium red-EGTA mixture to 
stop Ca 2 +-uptake (Reed and Bygrave, 1974). The tubes were centrifuged 
immediately in an Eppendorf centrifuge for 2 min and, after aspiration 
of the supernatants, the pellets were dissolved in concentrated formic 
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acid (100µ1). Control experiments were carried out under identical 
conditions except that ATP and succinate were not included in the inc-
ubation medium. The contents were ·cransferred to scintillation vials 
quantitatively and the 45 Ca was counted as described in Chapter II. 
5.3.4 2+ Measurement of Ca uptake by rat spleen mitochondria at fixed 
time intervals 
Ca2 + k b upta e y rat spleen mitochondria was monitored essentially 
as described above (5. 3. 3) except that it differed in the following ways: 
(a) mitochondria (0.15mg of protein) were incubated at 10°C in Eppendorf 
centrifuge tubes containing the reaction medium described above in a 
final volume of 0.1ml; (b) Mg 2 + and/or Cu 2 + were present in the medium 
at the concentrations indicated in the Figures; and (c) 45 Ca uptake was 
stopped at the end of 20s by addition of a Ruthenium red-EGTA miJ~ture. 
5.3.5 Measurement of Ga 2 + uptake by outer membrane vesicles prepared 
from spleen mitochondria 
Outer membrane vesicles (0.4mg of protein) prepared from rat spleen 
mitochondria were incubated for 30s at 30°C in a reaction medium containing 
sucrose (250mM), Hepes (lOrnM; pH 7.4), M~Cl (2.0rnM), ATP (O.SmM) and P.-1 
buffer (2 rnM; pH 7 .4) in a f~nal volume of 1.0ml. Ca 2 + uptake was initiated 
by adding sufficient 45 Ca (100,000 d.p.m./nmol) to give a final concentr-
ation of SOµM. Samples (100µ1) were removed at 0, 0~5, 1, 2, 5 and 10 
min intervals and were filtered rapidly (<Ssec) through a Millipore filter 
(0.45µ) under negative pressure. The adherent vesicles were washed imm-
ediately with a solution (10ml) containing sucrose (250rnM), Hepes (SmM; 
pH 7.4) and MgS0 4 (SrnM) that the Millipore filter papers had been soaked 
in previously to minimize the non-specific b i nding of 45 Ca. The Millipore 
filters were dried, placed in scintillation vials and the 45 Ca radio-
activity determined as described in Chapter II. 
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5 . 3.6 Measurement of adenine nucleotide exchange 
Exchange of adenine nucleotides by rat spleen mitochondria was mon-
itored by the "forward exchange" method of Pfaff and Klingenberg (1968) . 
Rat spleen mitochondria (1.0mg of protein) or mitoplasts (1.0mg of protein) 
were incubated in Eppendorf centrifuge tubes for LO min at 0°C in a reaction 
medium containing sucrose (250mM), Tris-maleate buffer (lOmM; pH 7.0) 
and EDTA-Tris (2.0mM; pH 7.0) in a final volume of 1 . 0ml. The reactions 
were initiated by addition of appropriate amounts of labelled nucleotides , 
as indicated in the Legends, and were terminated at definite time intervals 
by addition of atractyloside (SOµM) . [The additions were made on "plumpers" 
(sti r rers) set in a holder so that four separate reactions could be 
initiated or terminated simultaneously.] The tubes were centrifuged 
immediately in an Eppendorf centrifuge for 2Yz min . After a small aliquot 
(200µ1) of the clear supernatant was removed for estimation of the radio-
active adenine nucleotides, the remainder was removed by aspiration. The 
pellet was washed with sucrose (1.0ml; 3.0M) and was dissolved in concen-
trated formic acid (200µ1): Control experiments were carried out tmder 
identical conditions except that atractyloside (SOµM) was added to the 
incubation medium prior to initiation of the reaction. 
Percentage exchange of the endogenous adenine nucleotides was 
calculated by the method of Pfaff and Klingenberg (1968): 
i.e., specific activity of ATP & 
Percentage exchange ADP (in) X lQQ = specific activity of ATP & 
ADP (out) 
where specific activity (in) = d:p.m. in the pellet nrnols of ATP & ADP in the pellet 
total d.p .m. added - d.p.m. in the 
specific activity (out) = pellet nrnols of ATP & ADP added 
Fig.5.1 Induction and inhibition of Ca 2 +-stimulated mitochondrial swe ll~ ,. 
. b 2+ 1ng y Cu 
Mitochondr~al s~elling was conducted in a reaction medium described 
in the Experimental section. Ca 2 + was added to initiate swelling a~ the 
concentrations indicated and was monitored as describ~d in the text . Where 
indicated, Cu 2+ was added to the reaction medium to give the final concen-
trations indicated. 
Fig (a) - rat liver mitochondria 
Fig (b) - rat spleen mitochondria 
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Fig .5.2 
. 2+ Time-dependent uptake of Ca by rat spleen mitochondria 
Mitochondrial Ca 2 + uptake was measured as described in the 
Experimenta l section. ATP (l.OmM) or succinate (2.0mM) was present in 
the incubat ion medium as indicated. The results represent an average of 
experiments± S.E.M. 
Control experiment is done without any 
added substrates . 
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5.3.7 Estimation of adenine nucleotides 
The adenine nucleotides were estimated using the coupled-enzyme 
methods described in Chapter IV. 
5.4 RESULTS 
5.4.1 Induction and inhibition of swelling by Cu 2 + 
The addition of Ca 2 + to mitochondria isolated from either rat liver 
or rat spleen induced passive swelling (Fig. 5.1) . The further addition 
of a heavy metal ion, such as Cu 2 +, at 40µM, induced extensive and rapid 
2+ (Ca -dependent) swelling of liver mitochondria that was augmented if 
the concentration of Cu 2 + was raised to lOOµM (Fig. 5 . la). In contrast, 
addition of Cu 2 +, even at 40].lM, to rat spleen mitochondria under identical 
conditions, delayed the initiation of swelling and severely reduced its 
amplitude (Fig. 5.lb). The reaction of Cu 2 + with the energized membranes 
of spleen mitochondria appears to differ fundamentally from its mode of 
action in liver. As the swelling in this type of experiment appears to 
be dependent on Ca 2 + uptake, the effect of Cu 2+ on 45 Ca 2+ transport by 
spleen mitochondria was studied to gain insight into the mechanism of 
action of Cu2 +. 
5.4.2 45 Ca 2 + transport in spleen mitochondria 
Transport of 45 Ca 2 +-ions into manunalian mitochondria (e.g. , liver, 
heart, etc.) is usually measured at low temperatures (0°C-4°C). The rate 
of 45 Ca uptake by rat spleen mitochondria was too slow at 4°C to allow 
an accurate estimate of the rate (results not shown). However, at 10°C 
there was a significant rate of 45 Ca uptake that was linear for about 
40s when either ATP (1 .0mM) or succinate (2.0mM) was used as substrate (F,'9. 5",2) 
(Fig. 5.2). In the absence of an added substrate to energize the membranes, 
(~svtb ?1ot" ..-6 h ow,-,J /1. 
or when Ruthenium red was included in the incubation medium, the rate of 
A 
Ca 2 + uptake was significantly lowered. These findings support 
Fig.5.3 Modulation by Cuz+ and Mgz+ of the transport of Caz+ by rat spleen 
mitochondria 
Mitochondrial Caz+ transport was measured as described in the 
. . 
Experimental _ section: ATP (l.OmM), s~ccinate (2.0mM), Cuz+ and Mgz+ were 
added to the incubation medium to give the final concentrations indicated. 
. . 
. . 
The results represent an average of 3 experiments± S.E.M. 
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the view that rat spleen mitochondria have the conventional Ruthenium-
d 2+ re -sensitive, energy-dependent Ca transporting system similar to that 
present in the mitochondria of other tissues. 
5.4.3 2+ 2+ 2+ Effect of Cu and Mg on Ca transport 
Fig. (5.3a) shows that Cu 2 + (40µM) inhibited the initial rate of 
Ca z+ . transport into rat spleen mitochondria by 75-80% in an ATP-supported 
system. It also shows that a 2.5-fold increase in the rate of Ca 2 +-
transport occurred when the concentration of Mg 2 + was increased (Fig. 5.3a). 
2+ Mg , furthermore, in the same concentration range, partially relieved 
the inhibitory effect of Cu 2 + (40µM), in a sigmoidal manner_, and restored 
. -
- 2+ - ,- - 2+ ' ' + 
the rate of Ca transport to well above the Mg -independent rate. Mg 2 
failed to restore the maximum stimulation of Ca 2 + uptake while Cu 2 + was 
present in the reaction medium however, even when its concentration was 
raised to lOmM (Fig.5.3a). 
The modulatory effects of Cu 2 + and Mg 2 + on the uptake of ca·2 + 
by spleen mitochondria were markedly different when succinate was used 
as a substrate i n lieu of ATP (Fig.5.3b). The presence of Cu 2 + (40µM), 
for instance, caused only a mild inhibition of Ca + uptake, and the 
addition of Mg 2 + at increasing concentrations was without significant 
effect on Ca 2 + transport, both in the presence and absence of Cu 2 + 
( 40µM) (Fig. 5. 3b) . 
These findings establish that spleen mitochondria have an absolute 
f z+ d ' f requirement or Mg an ATP 1n order to achieve a maximum rate o 
Ca2 + uptake. Since the outer membrane ATPase of spleen mitochondria is 
sensitive to inhibition by Cu 2 + at low concentrations (<50µM) (Vijayakumar 
and Weidemann, 1976, 1977), the possibility is raised by the present 
study that this enzyme may catalyze an ATP-dependent uptake of Ca 2 + ions 
across the outer mitochondrial membrane (stage I) to the site of the 
Ruthenium red-sensitive process at the inner membrane (stage II ) (see Scheme I ) . 
Fig.5.4 2+ . Ca transport 1n mitoplasts prepared from rat spleen mitochondria 
Experimental conditions were as described before (Fig.5.2), except 
that mitoplasts (1 .0mg of protein) were used ~nstead of mitochondria. ATP 
(l.OmM) and / or Mg 2 + (S . OmM) were present in the reaction medium where ind-
icated. The results represent an average of duplicate experiments from two 
different mitoplast preparations. 
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Fig.5.5 Caz+ transport by outer membrane vesicles from rat spleen mito-
chondria 
Caz+ transport by outer membrane vesicles was measured as desc-
ribed in the Experimental section. ATP (0.SmM), Mgz+ (2 . 0mM), Pi (2 . 0mM), 
3-hydroxybutyrate (2.0mM), succinate (2 . 0mM) and the ATP-regenerating system 
M.92:t ( 2. -0.,,..., M) 
(phosphoenol pyruvate, SmM; KCl, lQmM; and pyruvate kinase, 10 IU) were 
A 
present in the incubation medium where applicable. The results represent 
an average of four different experiments·± 5. E . M. 
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Small amounts of the outer membrane suspensions were packed into 
pellets in Beckman microfuge tubes. They were fixed in glutaraldehyde 
and Os0 4 ~nd processed for thin-sectioning by standard procedures ( see 
C..lauert, 1975) . 
Magnification x 33,000 
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5 . 4.4 2+ Transport of Ca by mitoplasts prepared from rat spleen 
mitochondria 
If there is an energy barrier for the movement of Ca 2 +. ions 
across the outer membranes of rat spleen mitochondria then, according to 
this hypothesis, removal of the outer membranes should: (a) stimulate 
the maximum rate of uptake of Ca 2 + ions quite independently of added 
Mg 2 +; and (b) abolish the Mg 2 +-dependent stimulation of Ca 2+ uptake in the 
ATP-supported system. Contrary to such predictions, spleen mitochondria 
exhibited a relatively low rate of uptake of Ca2 +_ upon removal of outer 
membranes, although, as predicted by the hypothesis (see b), this process 
was not significantly stimulated by added Mg 2 + (Fig .5. 4). 
5.4.5 Ca.2+uptake by outer membrane vesicles of rat spleen mitochondria 
Fre.shly prepared outer membranes from· rat · spleen mi t ·ochondria 
formed tightly-s'eal"ed vesicles 'in a manner similar 'to ' that ob.served with 
rat liver mitochondria _(see Schnaitman et al., 1967; see Plate 1). 
When the vesicles were suspended in a buffered sucrose medium containing 
Mg 2 + and ATP they were capable of accumulati.ng i+ s·ca 2 + for about· 2 min 
(Fig.5.5) . The accumulated i+sca leaked out of the vesicles rapidly on 
the exhaustion of ATP despite the presence of P . . However, when the inc-
l. 
ubation medium was supplemented with an ATP-regenerating system (i .e., 
phosphoenolpyruvate, 5.0mM; KCl, lOmM; and pyruvate kinase, 10 I.U.) the 
vesicles accumulated Ca 2 + linearly for about 2~ min and retained it for 
more than 20 min. No measurable Ca 2 + uptake was observed in the absence 
of either Mg 2 +, ATP or P .. Similarly, when 3-hydroxybutyrate, succinate 
l. 
and P. were used to support Ca 2 + transport, as described for heart mito-
1. 
chondrial inner membrane vesicles (Loyter et al .. , 1969), no significant 
Ca 2 + accumulation was detected. These findings support the view that 
there may be an energy-dependent Ca 2 + accumulation across the outer 
membranes of spleen mitochondria that preceeds and is distinct from Ca 2 + 
Fig.5.6 Adenine nucleotide exchange by mitochondria from liver and spleen 
Adenine nucleotide exchange by mitochondria was monitored qt _0°C 
as described in the Experimental section. The reactions- were initiated by 
adding [ 14 C]-ADP (2µCi/µmole) to give a final concentration of lOµM in the 
reaction mixture. The reactions were terminated at different time intervals 
by addition of atractyloside (SOµM). The percentage exchange of nucleotides 
was calculated as described in the text. 
(o) rat liver mitochondria 
(£) rat spleen mitochondria 
(e) rat spleen mitoplasts 
181 
80 
0 0 
Liver 
60 
4-0 
Q) 
C) 
C: 
a, 
40 .I:. 0 )( 
Cl) 
Cl) 
C) 
ca 
+' 
C Q) 
0 
.. 
s R 
s 
20 Spleen 
0 
0 2 4 20 40 60 
Time (min) 
182 
Table 5.1 
Adenine nucleotide contents of mitochondria and mitoplasts from rat 
spleen 
Mitochondria and mitoplasts were prepared from rat spleen as 
described in the Experimental section. Adenine nucleotide concentrations 
were estimated as described in the text. The values represent an average 
of 3 experiments± S.E.M. 
ATP ADP AMP TOTAL 
nrnols/mg protein 
Rat sEleen 
Mitochondria 2.38 ± 0.19 2.08 ± 0.18 1.39 ± 0.07 5.85 ± 0.27 
Mitoplasts 0.06 ± 0.04 0.74 ± 0.07 O.t,5 ± 0.06 1. 25 ± 0 . 10 
accumulation across the inner membrane. 
5 . 4 . 6 Characteristics of the translocation of adenine nucleotides by 
mitochondria isolated from rat spleen and liver 
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In order to test the possibility that there_ may be a permeability 
barrier across the outer membrane to metabolites other than Ca 2+, the 
translocation of ATP and ADP by intact rat spleen mitochondria and mito-
plasts was studied. Effects of Ca 2 + and Mg 2 + ions were tested in this 
system also to gain additional insight into possible relationships between 
the two processes. 
The translocation of adenine nucleotides into tightly-coupled 
rat spleen mitochondria (respiratory control ratio of not less than 5) 
differs in several respects from that observed with liver mitochondria . 
For instance, the total pool of adenine nucleotides (ATP+ _ADP+ AMP) 
~n rat spleen mitochondria is approximately one third of that found in 
liver (Fig.5.6). Secondly, only a small proportion (about 6%) of the 
total endogenous adenine nucleotide pool is available for exchange with 
externally added ADP in rat spleen mitochondria (Fig.5.6) _compared with 
60-100% of the total endogenous adenine nucleotide pool in rat liver 
mitochondria (Fig.5.6). 
The initial rate of uptake of ADP increased slightly when the 
outer membranes of rat spleen mitochondria were removed (Fig.5 .6); but, 
as a consequence, a five-fold reduction in the level of endogenous 
adenine nucleotides was observed (Table 5.1). Although this suggests that 
the endogenous adenine nucleotides might have leaked out of the mitoplasts 
during digitonin fractionation, the respiratory control ratio of about 
2.0 argues against such an interpretation. Thus, it is likely that the 
majority of the adenine nucleotides may be located outside the inner mem-
brane boundary, although there is no conclusive additional evidence to 
support this. 
Fig.5.7 Modulation by Ca 2 + and Mg 2 + of the translocation of adenine 
nucleotides by rat spleen mitochondria 
Adenine nucleotide exchange was monitored as described in the 
Experimental sect i on. The reaction medium contained Mg 2 + (4.0mM) or Ca 2 +, 
where appropriate, at the concentrations indicated. The reactions were 
initiated by addition of [ 14 C]-ADP (8µCi/µmole) or [ 14C]-ATP (8µCi/µmol) 
to give a final concentration of lOOµM in the medium. 
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Table 5.2 
Modulation of the rate of exchange of adenine nucleotides by Ca 2+ and 
Mg 2+ in rat spleen mitochondria 
Adenine nucleotide exchanye was measured essentially as described in 
the text. [ 14 C]-ADP or [ 4 C]-ATP were added (2µC./µrnol) to give final 
concentrations of lOOµM in the incubation rnediwn. 1 Ca2+ (0.4mM) or Mg 2+ 
(4rnM) were added where applicable. The values represent an average of 
3 Experiments± S.E.M. 
RATE OF EXCHANGE 
(nrnols/rnin per g protein) 
Addition Mitochondria Mitoplasts 
(a) ADP-exchange 
Control 78 ± 2 77 ± 5 
Plus Ca2+ 48 ± 2 46 ± 5 
Plus Mg2+ 77 ± 3 63 ± 5 
Plus Ca2+ and Mg 2+ 25 ± 1 25 ± 1 
(b) ATP-exchange 
Control 59 ± 2 66 ± 12 
Plus Ca 2+ 33 ± 2 29 ± 7 
Plus Mg2+ 51 ± 5 66 ± 11 
Plus Ca 2+ and Mg 2 + 22 ± 2 28 ± 3 
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Fig.5 . 7 shows the influence of added Ca 2 + and Mg 2 + on the rate 
of adenine nucleotide translocation in rat spleen mitochondria. ADP 
translocation was inhibited by about 50-60% in response to increasing 
Ca2 + in the medium and this was not influenced significantly by added 
Mg 2+ (4 ) .OmM. Ca 2 + added in the same concentration range inhibited the 
rate of translocation of ATP by only 20-25%; however, addition of Mg 2 + 
(4mM) augmented the inhibitory effect of Ca 2 +dramatically. This 
ob servation may be due to the conversion of ATP into ADP by the outer 
membrane ATPase which depends on Mg 2 + for its activity. 
2+ 2+ · The influence of added Ca and Mg ions on the translocation 
of adenine nucleotides was also studied in mitoplasts from rat spleen 
mitochondria. Since essentially similar results were obtained in both 
systems (see Table 5.2), these observations seem to indicate that the 
outer membrane ATPase may not have a significant influence on the trans~ 
location of adenine nucleotides. 
5 . 5 DISCUSSION 
The addition of a heavy metal ion (e .g., Cu2 +) to liver mitochond-
ria induced, at low concentration (40]..JM), rapid and extensive Ca 2+-
dependent swelling (see Cederbaum and Wainio, 1970; Hwang et al., 1972). 
This effect was augmented if the concentratic•n of Cu 2+ was raised to 
lOOµM (Fig .5.1). Cu 2 + may have interacte~ in this case, with negatively-
charged components of the energized membranes, resulting in increased 
passive permeability to Ca 2+ (Azzi et al . , 1971; Hwang et al.,1972). In 
contrast, when Cu 2+ was added to rat spleen. mitochondria, it delayed the 
initiation of swelling even at 40µM, and severely reduced its amplitude 
(Fig .5.1). As swelling was dependent on Ca 2 +-uptake, the effect of Cu 2 + 
on spleen mitochondria may have been due to the inhibition of: 
(a) Ca 2+ transport across the inner membrane; or 
(b) the oligomycin-sensitive ATPase of the inner membrane; or 
(c) the oligomycin-insensitive, Ca 2 + and Mg 2+-stimulated ATPase of 
the outer membrane; or 
(d) some other step. 
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In the first place, since Cu 2 + is only a mild inhibitor of succinate-
2 + · 2+ 
supported Ca transport (Fig.5.3b), the transport of Ca -ions across 
the inner membranes of spleen mitochondria is practically unaffected by 
Secondly, Cu 2 + at low concentrations (e.g., 5-7nmols/mg of protein) 
stimulates the oligomycin-sensitive ATPase of the mitochondrial inner 
membranes (Hwang et al., 1972); whilst this observation is consistent 
with the stimulation of (ATP-supported) Ca 2 +-induced swelling by Cu 2 +, 
in liver mitochondria, it does not explain the inhibitory effects noted 
with those from spleen. If the action of Cu 2 + is due to the inhibition 
of the oligomycin-insensitive outer membrane ATPase (Vijayakumar and 
Weidemann, 1977) this strengthens the case for the enzyme playing a 
role in Ca 2 +-transport by catalyzing the uptake of Ca 2 + into the inter-
membrane space at the e~pense of ATP hydrolysis. This being so, the 
outer membranes of spleen mitochondria should have selective permeability 
properties quite unlike those of liver. 
In the present study, transport of Ca 2 + into spleen mitochondria 
supported by ATP was stimulated up to 2. 5-fold when the Mg 2 + concentration 
was increased (Fig.5 . 3a). In contrast, when the Ca 2 + uptake was supported 
by succinate it was comparatively unaffected by Mg 2 + (Fig.5.3b). These 
+ . . 
observations suggest that the addition of Mg 2 and ATP (but not succinate) 
stimulates the outer membrane ATPase (Vijayakumar and Weidemann, 1976) 
to provide energy necessary to overcome an additional barrier to the 
f C 2+ transport o a . This view is strengthened by the observation that, 
whereas Mg 2 + stimulates the uptake of Ca 2 + by spleen mitochondria, it has 
been reported either to have no effect [e .g., in heart mitochondria 
2+. (Scarpa and Graziotti, 1973)] or to compete with the transport of Ca in 
various mitochondria [e.g., in mitochondria isolated from liver (Vainio 
+ Ca 2 
Cuter 
membrane 
Scheme I 
outer membrane ATPase 
Ca2 +-transporter 
Inner 
membrane 
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et al., 1970); from heart (Sordahl, 1974; Carafoli et al., 1975); and 
from kidney-cortex (Gmaj et al., 1974)]. 
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Additional evidence that supports the selective permeability of 
the outer membranes of spleen mitochondria can be summarized as follows: 
(a) tightly-sealed vesicles of these membranes transport Ca2 + in the 
+ presence of Mg 2 and ATP (preferably with an ATP-regenerating system 
present, Fig.5.5); addition of succinate, 3-hydroxybutyrate and P. fail 
1 
to support the uptake of Ca 2 + into such vesicles (Fig .5.5), which disting-
uishes this system from that of inner membrane vesicles which depend 
solely on energy derived from electron transport (Loyter et al. , 1969); 
(b) removal of the outer membranes, which is equivalent to the removal 
of the barrier for the transport of Ca 2 + at Stage 1 (see Scheme I), would 
be expected to increase the rate of uptake of Ca 2 + independently of added 
Mg 2 + and ATP. In fact, the Mg 2 +-dependent stimulation of Ca 2 + uptake 
observed with intact mitochondria was lost after the removal of the outer 
membranes (Fig.5.4), although this was accompanied by a strong diminution 
in the absolute rate of Ca 2 + uptake by spleen mitoplasts (Fig.5.4); similar 
results have been obtained for the translocation of adenine nucleotides 
(Table 5.1). These observations indicate that the mitoplasts may have 
become generally leaky to low molecular weight metabolites. This view 
is contradicted, however, by the clearly measurable respiratory control 
ratio of 2-3 exhibited by the mitoplasts. If the outer membranes are 
impermeable to the metabolites suggested by the hypothesis, there could be 
a distinct metabolite pool present in the inter-membrane space. The 
removal of the outer membranes would thus greatly diminish the total 
metabolite pool size of mitoplas ts compared with that of whole mitochondr ia . 
This is in fact seen in the case of the mitochondrial adenine nucleotides 
(Table 5.1). 
Translocation of adenine nucleotides is inhibited by atractyloside 
and that of Ca 2 + by Ruthenium red in spleen mitochondria. If this is 
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the case, the inhibitors must have direct access to the carrier molecules 
located at the inner membrane (Chapter I, Table 1.4) which argues that 
the outer membrane may be selectively permeable to low-molecular-weight 
substances. Most of the evidence considered in this Chapter supports the 
hypothesis that the outer membrane may have selective permeability 
properties and suggests that there may be a distinct metabolite pool 
present in the inter-membrane space. 
Taken together, these findings support the proposal that trans-
port of Ca 2 + into spleen mitochondria may occur in two stages, as indicated 
in Scheme I: (a) transport of Ca 2 + across the outer membrane into the 
inter-membrane space catalyzed by the Mg 2 +-stimulated ATPase (Stage I); 
2+ 
and (b) subsequent transport of Ca across the inner membrane catalyzed 
by the Ruthenium red-sensitive Ca 2 +-transporter (Stage II). 
In accordance with the "two stage" hypothesis, addition of either 
2+ 
succinate or ATP alone should not support even the basal rate of Ca 
. 2+ 
uptake int~ spleen mitochondria, as this would require ATP plus Mg to 
overcome the barrier at Stage I. However, succinate or ATP supported the 
basal rate of Ca 2 + uptake independently of Mg 2 + plus ATP (Fig.5.2) which 
suggests that the outer membrane is relatively permeable to Ca2 +. The 
stimulation of Ca2 + uptake in the presence of Mg 2 + plus ATP (Fig.5.3) 
could be due to the reversal of the efflux of Ca 2 + (from the inter-membrane 
space to the extramitochondrial space) catalyzed by the outer membrane 
ATPase. The inability of succinate plus Mg 2 ~ to increase the uptake of 
2+ 2+ 2 + · Ca is consistent with the above view, as Mg -ATP but not Mg -succ1nate 
is the effective substrate for the outer membrane ATPase. 
CHAPTER 6 
GENERAL DISCUSSIOl-i 
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CHAPTER 6 . 
GENERAL DISCUSSION 
6.1 ROLE OF GLUCOSE .AS A RESPIRATORY FUEL IN LYMPHOID TISSUES 
Rat thymus lymphocytes, which have a very low glycogen content 
(Puckle, 1974; Nordeen and Young, 1977), depend to a large extent on 
exogenous glucose and endogenous triglycerides for maintenance of their 
energy supply. Similarly, rat spleen tissue, which contains mainly 
lymphocytes (90%) and a small percentage of macrophages (1.5%) and poly-
morphonuclear leukocytes (5.2%) (see Suter, 1973), utilizes glucose as 
a major respiratory fuel and converts 60-70% of it into lactate and 
25-30% into CO2 (Suter and Weidemann, 1975). While most of the glycolytic 
activity (90%) has been attributed to the lymphocyte sub-population, the 
macrophages evidently account for a significant portion of the respiratory 
activity of the spleen (Suter and Weidemann, 1975). Substances such as 
pyruvate, ~cetoacetate and 3-hydroxybutyrate, although metabolized rapidly, 
are only 50% as effective as glucose in providing energy for the anabolic 
functions of lymphocytes (Nordeen and Young, 1977). Mitochondria isolated 
from spleen are capable of oxidizing long-chain fatty acids efficiently 
a, 
(see Chapter II), although added individual fatty acids such as sterate, 
,\ 
oleate and palmitate contribute only 2% of the immediate respiratory fuel 
of the sliced tissue (D. Suter and M.J. Weidemann, unpublished observations). 
It was suggested, on the basis of the above observations, that exogenous 
labelled fatty acids are incorporated before oxidation into a general pool 
of triglyceride and subsequently liberated for oxidation at a greatly 
diluted specific radioactivity (Suter, 1973). 
During long-term incubations in vitro~ lymphoid tissues depend on 
the oxidation of endogenous amino acids derived from protein breakdown -
as evidenced by an increase (45%) in the pool size of amino acids and the 
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+ . liberation of free NH4 . (Suter and We1demaun, 1976; see Chapter II also). 
Adenosine has been suggested by Nordeen and Young (1977) as an alternate 
fuel to glucose. These workers observed that adenosine is able to restore 
energy-dependent functions of lymphocytes as well as enhancing the cellular 
glycogen stores. The rate of oxidation of [U- 14C]-adenosine to 14co 2 is 
similar to that of glucose. Based on these results it has been suggested 
that adenosine substitutes for glucose by contributing its ribose moiety 
as an energy-providing substrate by the following pathway: 
adenosine a 
--- inosine 
+ 
NH/ 
~~~b~~4 ribose-1-P 
+ 
hypoxanthine 
~-c __ ribose-5-P 
where . reaction "a" is catalyzed by adenosine deaminase; "b" by purine 
nucleoside pho5phorylase; and "c" by phosphoribomutase (see Nordeen and 
Young, 1977). Identification of the enzymes involved in catalyzing the 
above reaction sequence in thymus (Manson and Lampen, 1951) gives additional 
support to this view. Further analysis showed that amino acids (glycogenic) 
and adenosine are both eventually converted into acetyl CoA before being 
oxidized to CO2 by lymphoid tissues (see Suter and Weidemann, 1976; 
Nordeen and Young, 1977). 
1 0 
Rat thymus lymphocytes (10 cells) metabolizing glucose (SmM), 
consumed about 412µ moles of 02 during a 3 hr incubation period and formed 
50µ moles of lactate plus pyruvate (see Table 2.1). The relative amounts 
of ATP produced by the cytosolic and mitochondrial processes can be 
calculated in the following way: 
(a) cytosol 
glucose pyruvate + lactate 
1 unit of glucose oxidation produces ... 2 units of ATP 
:. SO units of lactate plus pyruvate . 
}· .2 x 25 units of ATP 
(i.e., 25 units of glucose) produces 
193 
(b) mitochondrial: 
pyruvate + 
1 unit of oxygen consumed in the above 
reaction produces ..................... 3 units of ATP 
(since the ADP/0 ratio for NAO-linked} 
substrates is 3) 
412 units of 02 {i.e., 824 [O]} corresponds to 3 x 824 units 
of ATP 
From the energetic point of view it is evident that more than 96% of the 
ATP is supplied by mitochondrial oxidative phosphorylation while less 
than 4% is formed by cytosolic substrate-level phosphorylation. 
· Addition of acetoacetate inhibits significantly (>90%) the flow 
of glucose carbon to CO2 (i.e., the mitochondrial oxidation of pyruvate 
derived from glucose). However, it does not change the rate of consumption 
of oxygen, as acetoacetate itself is a preferred fuel of respiration. 
Secondly, the utilization of glucose by thymocyte glycolysis is not 
diminished .by the presence of acetoacetate (see Table 2.3). In contrast, 
the enhanced metabolism of acetoacetate, free fatty acids or ketone bodies 
by many other tissues usually inhibits glycolysis through the production 
of increased steady-state levels of cytoplasmic citrate. Citrate is a 
negative allosteric effector of the low activity, non-equilibrium and 
(usually) rate-limiting enzyme (phosphofructo kinase) of the glycolytic 
pathway (Newsholme and Start, 1974). The absence of such a response to 
acetoacetate led Yasmeen et al. (1977) to propose that phosphofructokinase 
is not the flux-generating reaction for glycolysis in thymocytes (see 
Culvenor and Weidemann, 1976). 
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6.2 . METABOLIC CHANGES DURING THE TRANSFORJ.1ATION OF LYMPHOCYTES 
Energy-linke d functions of lymphocytes can be supported either by 
glucose or a range of alternative oxidizable substrates (e.g., aceto-
acetate, pyruvate, etc.). However, their transformation to the blast 
stage depends exclusively on the metabolism of glucose (Nordeen and 
Young, 1977). The glycolytic pathway evidently serves important functions 
other than supplying acetyl CoA for energy production. 
Transformation of lymphocytes by concanavalin A or A23187 involves 
a series of morphological and metabolic changes which culminate in cell 
division (Yasmeen et al., 1977; see also Chapter II). Prominent among 
the early changes is an alteration in the permeability of the plasma 
membrane to metabolites such as sugars, nucleosides (Peters and Hausen, 
1971) and amino acids (Mendelsohn et al.," 1971) and to ions such as P., 
1 
+ 2+ K and Ca (Freedman et al., 1975; see also Chapter I). Increased 
glucose uptake and a concomitant increase in lactate production has been 
shown to begin within 15 ~inutes of the stimulation of lymphocytes with 
phytohaemagglutinin (Peters and Hausen, 1971; Culvenorand Weidemann, 1976). 
However, lymphocytes are capable of undergoing transformation even when 
glucose is present in the medium at very low concentrations (25µM; Hume 
et al., 1978): The K of the glucose carrier is much higher (0 . 32mM; 
m 
A J. Laird, unpublished observations) than the concentration of glucose 
used in these experiments; secondly, concanavalin A addition does not 
alter the K for glucose (Yasmeen et al . , 1977); together, these findings 
m 
suggest that the enhanced oxidation of glucose, as such, is not essential 
for the transformation of lymphocytes (e.g., initiation of DNA synthesis; 
Hume et al., 1978). Similar results have been reported for proliferating 
fibroblasts (Naiditch and Cunningham, 1977) . The results presented in 
Chapter II indicate that the increase in glucose uptake is accompanied 
by a commensurate increase in the incorporation of glucose carbon into 
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RNA. Biosynthesis of purine bases, which is stimulated in mitogen-
treated lymphocytes (Hovi et al., 1976), seems to depend on an enhanced 
rate of glucose uptake, as the rate of production of the precursor, 
phosphoribosyl-pyrophosphate (Green and Martin, 1973), depends on the 
availability of glucose-6 phosphate for entry into the oxidative segment 
of the pentose phosphate pathway (Culvenor and Weidemann, 1976; Hurne 
et al., 1978). It has therefore been suggested that the major role of 
increased aerobic glycolysis is to maintain higher steady-state levels 
of glycolytic intermediates that may, in turn, provide precursors for 
the synthesis of macromolecules during the transformation of lymphocytes 
(Hurne et al., 1978). 
6. 3 ROLE OF Ca 2+ IN LYMPHOCYTE TRANSFORMATION 
Studies on changes in glycolytic intermediates during mitogen-
induced stimulation of lymphocytes led Culvenor and Weidemann (1976) 
to propose that activation of the glucose carrier, which is a low activity, 
non-equilibrium step anterior to phosphofructo kinase, is the earliest 
event in the activation of glycolysis. The conclusion that glucose 
transport across the plasma membrane is the rate-limiting step for the 
activity of the glycolytic pathway is based on the following observations: 
(a) the mass action ratio of the glucose carrier is displaced from 
equilibrium by one order of magnitude (G. Keig and M.J. Weidemann, 
unpublished observations); 
(b) the blood glucose concentration (6.7µ moles/ml of extracellular 
water) greatly exceeds the K for D-glucose (0.32rnM; A.J. Laird, 
m 
unpublished observations) in both stimulated and unstimulated 
cells; 
(c) the catalytic capacity of the carri"er is much lower than the 
maximum activities of the lowest activity enzymes (e.g., hexokinase 
and phosphofructo kinase) in the cytosol (Yasmeen et al., 1977); 
and, finally, 
(d) the activation of the glucos e carrier by concanava lin A produces 
a corresponding increase in lactate and CO 2 production, which is 
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a characteristic criterion of a flux-generating step, i.e., changes 
in its activity produce, cor responding changes in pathway flux 
(Kaiser and Burns, 1973). 
Similar conclusions have been reached by Whitesell et al. (1977) . 
Increased flux of exogenous Ca 2+ into lymphocytes, which is one 
of the most prominent early events during mitogen stimulation (Freedman 
et al . , 1975), precedes the enhancement of various transport processes (e. g . , 
a-aminobutyrate and glucose; Whitney and Sutherland, 1973; Yasmeen et al., 
1977; see also Chapter I for details). A working hypothesis has been 
proposed along the following lines by Weidemann and his co-workers in an 
attempt to explain how accelerated glucose uptake may correlate with Ca2+ 
entry . Lymphocytes produce reactive oxygen species (e.g., '02, H202 7 OH") 
within 30s after treatment- with concanavalin A or A23187 that can be 
detected as chemiluminescence under appropriate conditions (Weidemann 
et al., 1978). H202 has been suggested as the most probable species 
involved in generating the photons, as the chemiluminescence response to 
concanavalin A is sensitive to catalase and is dependent on the presence 
of easily-oxidizable substances such as lumino~ in the medium. 
entry associated with lectin-binding (Freedman e t al., 1975) has a similar 
2+ . time-course to that of the emission of chemiluminescence, Ca has been 
implicated in the production of H202 . Ca2+ may act by enhancing the 
activity of a plasma-membrane-bound NAD(P)H oxidase by one of the following 
mechanisms: (a) Ca 2+ ions, by virtue of tbeir stimulatory action on 
glycogenolysis (Newsholme and Start, 1974),may increase the supply of 
Luminol* = 5-amino-2, 3-dihydro-1,4 phthalazinedione. 
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NAD(P)H for the oxidase; or (b) Ca2+ ions may be involved in the stim-
ulation of the membrane bound NAD(P)H oxidase through activation of Ca2+_ 
sensitive phospholipase A2 ·(Pickett et al., 1977; We idemann et al ., 1978) 
and the subsequent alteration in the composition of specific phospholipids 
present in the plasma membrane. The production of H202, which is itself a 
mitogenic compound for T-lymphocytes, may then be involved in the enhance-
ment of glucose transport (Weidemann et al. , 1978). Since addition of 
sulphydryl-blocking reagents, such as N-ethyl maleimide, block the 
concanavalin A-stimulated phase of glucose uptake, it has been suggested 
that the formation of a disulphide bridge between two inactive monomeric 
forms of the glucose carrier transform it into an active state (Czech, 
1975; Hume and Weidemann, 1978). Endogenously produced H202 (or any other 
suitable oxidizing agent) may be able, in the presence of an appropriate 
enzyme, to dimerize the inactive carrier molecules to thei+ active form. 
Thus, a small increase of Ca2+ ion concentration in the cytoplasm of 
lymphocytes_ (as a result of lectin-binding) that mobilizes glycogen and 
produces H202 (through NADPH supply to the membrane-bound NADPH-oxidase) 
has the potential to trigger the stimulation of glucose transport. 
A sequence of events similar to those described above that lead 
to the activation of glucose transport has already been established 
in adipose tissUE: treated with insulin (Mukherjee and Lynn, 1977). This 
may be a general mechanism of cell activation shared by anabolic hormones , 
antigens and the virus-induced transformation of mammalian cells where 
DNA precursors are required for transformation and cell division (Hume 
et al., 1978). 
In addition to its possible role in the regulation of the gl ucose 
carrier, an increase in cytoplasmic free Ca 2+ in the nanomolar range (see 
Chapter II) is apparently sufficient to account for the stimulation of 
pyruvate oxidation observed in whole thymus or spleen cells treated 
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with concanavalin A or A23187. The underl~ing mechanism of activation 
of pyruvate dehydrogenase by Caz+ ions has been discussed earlier (Chapters 
I and II). Thus, a specific increase in the oxidation of pyruvate by 
Caz+_ions enhances the percentage contribution of glucose to the respiratory 
fuel by 30-40%. This provides energy that alternate or endogenous sub-
strates are insuffic ient to supply during the 72 hour period of lymphocyte 
transformation. However, when rat thymus lymphocytes are treated with 
A23187 there is a gradual decline in the rate of oxygen consumption 
during the 3hr incubation (M.J. Weidemann, unpublished observations). The 
above observation is consistent with the inhibitory effects of high 
concentrations of Caz+ (>SOnM) on the oxidation of NAO-linked substrates 
(see Chapter II). The uncontrolled flux of Caz+ into the cytoplasm of 
lymphocytes in the presence of A23187 could elevate the free Caz+ level 
above SOnM (L.M. Russell, unpublished observations). The results suggest, 
from a physiological view-point, an upper limit of SOnM for the free Caz+ 
concentration in the cytosol, above which there is irreversible damage 
to mitochondrial function (see also Chapter II). 
6.4 REGULATION OF CYTOSOLIC Caz+ 
In vie~ of the importance of Caz+ in a range of lymphocyte functions, 
an efficient mechanism for the regulation of its cytosolic free concentration 
might be anticipated. The amount of free Caz+ in the cytoplasm of any 
tissue usually constitutes only a small fraction of the total cellular 
Caz+ (Bygrave, 1977), the majority of which is retained mainly in mito-
chondria, the endoplasmic/sarcoplasmic reticulum and, in a bound form, 
by various membranes. The cytosolic level is determined by the relative 
rates at which Caz+ is accumulated and released from intracellular pools 
as well as by its net transport acro~s the plasma membrane (see Chapter I 
for details). The regulatory mechanisms for the maintenance of Caz+ 
homeostasis in the cytoplasm of lymphocytes is not known. Available 
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evidence suggests that lymphocytes have a }imited number of Ca 2 +-sequestering 
organelles such as mitochondria and endoplasmic reticulum vesicles. More-
over, since no information is available on the ability of the lymphocyte 
b 2+ . plasma mem rane to regulate cytoplasmic Ca levels, it has been suggested 
that mitochondria may play a major role in determining its cytosolic level 
(see Chapter V). 
Preliminary studies (Chapter V) have indicated that spleen mito-
chondria are less efficient than those of liver in their ability to trans-
port Ca2 +. For instance, at 0°C, spleen mitochondria accumulate Ca 2 + at 
a very low rate. qowever, a dramatic increase (2.5 fold) in the rate of 
2+ Ca transport by spleen mitochondria has been observed in the presence 
2+ 
of Mg and ATP (see Chapter V). Since this observation has only been 
made with spleen and hog heart mitochondria (Le Blanc and Clauser, 1974), 
the possible mechanisms that could lead to the enhanced uptake of Ca2 + 
have been investigated. The results presented in Chapter Vindicate 
that the outer membranes of spleen mitochondria may have selective 
permeability properties and suggest that there could be a distinct metabolite 
pool present in the inter-membrane space. The outer membrane ATPase may 
control the movement of Ca 2 + between the inter-membrane space and the 
extramitochondrial compartment (stage 1), whereas the movement of Ca 2 + 
across the inne~ membranes (stage 2) is dependent on the activity of the 
proton-motive-force-linked Ca 2 + transporter. According to this hypothesis, 
Ca 2 +-ions could be stored temporarily in the inter-membrane space. This 
would enable mitochondria to sequester the elevated concentration of 
cytosolic Ca 2 + that occurs immediately after lectin binding. It is worth 
noting in this context that the gated flux of Ca2 + into the cytoplasm 
that occurs for only 40s after lectin-binding is small (Freedman et al ., 
1975). Moreover, the relative distribution of Ca 2 + transported into mito-
chondria into the inter-membrane and matrix space is not clearly known, 
although preliminary results indicate that a major proportion of Ca 2 + may 
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be retained between the two membranes (see Chapter V). It is reasonable 
to assume that the flux of Ca2 + into the matrix space, under these cond-
itions does not exceed SOnM as this would otherwise prevent the oxidation 
of NAO-linked substrates (see Chapter II); since the oxidation of glucose 
(via pyruvate) is enhanced in concanavalin A-treated lymphocytes, it is 
unlikely that the matrix Ca2 + concentration increases excessively. 
Outer membranes of mitochondria have more properties in common with 
the membranes of the sarcoplasmic reticulum than with the inner mitochondrial 
membranes (see Chapter I). Thus, the outer membranes of mitochondria 
may have functions in non-muscle cells, such as Ca2 +-transport, similar 
to those of the sarcoplasmic reticulum. This property may be important 
in sperm mitochondria, for example, as the motility of sperm is dependent 
on short-term fluxes of Ca2 +, that require an efficient means of cyclically 
regulating the cytosolic Ca 2 + concentration. Inhibition of the motility 
of sperm by Cu 2 + (D. Suter and I. White, unpuhlished observations) may be 
explained in terms of a Cu2 +-induced inhibition of mitochondrial Ca 2 + 
transport by a mechanism similar to that described for spleen mitochondria 
(see Chapter V). Similar mechanisms may be anticipated in mitochondria 
from the macrophage sub-population of spleen that is involved in 
phagocytic movements during particle ingestion. This mechanism may also be 
pertinent to heart muscle contractile events where an influx of Ca2 + from 
the extracellular space needs to be sequestered efficiently in the sarco-
plasm. As heart cells do not have a fully-developed sarcoplasmic reticulum, · 
mitochondria and sarcolemma have been implicated in regulating the sarco-
plasmic Ca 2 + level (see Chapter I). The participation of the outer membranes 
of heart mitochondria may enhance their ability to regulate Ca 2 + levels 
efficiently. Identification of an ATPase in the atractyloside-insensitive 
space of heart mitochondria is consistent with this view. 
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6.5 FUTURE WORK 
This work raises a number of unresolved questions. For instance, 
identification of the oligomycin-insensitive ATPase as an outer membrane 
enzyme of spleen mitochondria raises the question of the nature of the 
lymphoid cell type that possesses it. Preliminary studies have shown 
that the ATPase could be a marker enzyme for mitochondria from the B-cell 
sub-population of spleen (U. Hurtenbach and M.J. Weidemann, unpublished 
observations). There is however, a low but finite activity of the 
oligomycin-insensitive ATPase in splenic T-cell sub-populations, which 
is consistent with the observation that thymus mitochondria contain 
measurable activity at 30°C (see Chapter III). Since these observations 
are incomplete, this work may be extended further by establishing the 
exact nature of the sub-populations of lymphoid cells that contain the 
ATPase. 
More importantly, the results presented in Chapter III indicate 
that mitochondria from several other tissues (e.g., heart and kidney-
cortex) may have bivalent cation-dependent ATPases in their outer membranes. 
Some evidence is available to support a role for the outer membrane ATPase 
of kidney-cortex mitochondria in the regulation of Ca 2 + fluxes (Gmaj 
et al., 1974), but this has not been proven conclusively. Substantial 
differences exist between heart and liver mitochondria with respect to 
their membrane permeability properties (Brierley et aZ., 1970; Gamble and 
Lehninger, 1973), enzymic capacity (Jacobus and Lehninger, 1973) and 
energy-linked accumulation of Ca 2 + (Jacobus et aZ., 1975). However, a 
specific impermeability of the outer membranes to low molecular weight 
substances has not been established. The results presented in Chapter V 
provide .some evidence to support the hypothesis that the outer membranes 
of spleen mitochondria may be relatively impermeable to Ca 2 + ions; but 
they do not explain the direct accessibility of exogenously added inhibitors 
such as atractyloside to the carriers of the inner membranes . Further 
work is necessary to locate specific carriers for various metabolites 
in order to establish conclusively that the outer membranes of lymphoid 
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tissue mitochondria have distinctive permeability properties. It was not 
possible to attempt to define such properties during this project because 
of the low yield of outer membranes ootained from rat spleen mitochondria. 
Similar studies could be done with pig spleen mitochondria where the yield 
of the enzyme is much larger and where purification could be undertaken. 
A naturally occurring inhibitor of the ATP-synthase of bovine 
heart mitochondria has been purified (Pullman and Monroy, 1963; Horstman 
and Racker, 1970). It inhibits the ATP-hydrolyzing activity of sub-
mitochondrial particles and the activity of the purified soluble ATPase 
of mitochondria strongly (van de Stadt et al ., 1973) but it does not 
inhibit oxidative phosphorylation (Asami et al., 1970) or the ATP-dependent 
+ 
reduction of NAO by succinate (Lang and Racker, 1974). No reports are 
-
available on the nature of inhibitors for other membrane-bound ATPases 
(e.g., ATPases of sarcoplasmic reticulum and plasma membrane). Initial 
attempts to identify an inhibitor protein molecule or a metabolite that 
could regulate the outer membrane ATPase were unsuccessful. More system-
atic attempts could be be made to isolate and purify regulator molecules 
from spleen by following the protocol used for the isolation of the 
ATP-synthase inhibitor protein from other tissues. Isolation of such a 
regulator molecule would throw more light on the possible functional 
role of the enzyme in the regulation of Ca 2 + homeostasis. 
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